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A B S T R A C T

Droughts are generally associated with direct and indirect impacts, but their relationships and propagation 
dynamics are often unknown. This study aims to fill this research gap by exploring the spill-over effects of 
drought impacts across systems and, in doing so, identifying leverage points within the systems to promote 
effective mitigation strategies. To achieve these objectives, the effects of the 2022 drought in a portion of the Po 
River Basin District are analysed through a qualitative application of the System Dynamics methodology called 
Causal Loop Diagrams, systemic representations that can effectively capture the interdependencies across 
complex subsystems. The findings reveal that the drought increased production costs across all the water-using 
sectors due to higher energy demands driven by energy-intensive activities such as irrigation, pumping and 
potabilization. The empirical results offer a novel insight into the identification and propagation of impacts, 
providing further evidence on the water-energy nexus. Therefore, policy approaches that enhance blue and green 
water reserves, while addressing their interconnections, are encouraged for mitigating drought impacts. This 
underscores the importance of adopting a proactive approach in drought management rather than reactive re
sponses during the occurrence of extreme events. Finally, in fields characterized by high policy fragmentation, 
such as water policy, the study demonstrates how representing the system behaviour through causal maps can 
support the integration of different sectoral policies, providing decision-makers with tools to evaluate and 
address the complexity of droughts.

1. Introduction and objective

Drought is considered an extreme climatic event characterized by a 
decrease in rainfall level prolonged over time (Strosser et al., 2012). 
Studies suggest that the risk of extreme events is expected to substan
tially increase, in particular for Southern Europe and the Mediterranean, 
with the intensification of global warming (IPCC et al., 2023). However, 
the absence of a precise and universally accepted definition of drought 
makes its investigation even more convoluted. Typically, droughts are 
categorized into three types: meteorological, agricultural, and hydro
logical (Nairizi, 2017). The first results from lower precipitation 
compared to the reference climatology. Drought can be exacerbated by 
increased evapotranspiration due to high temperatures, which can 
further propagate to the land surface and lead to reduced soil moisture 
(i.e. agricultural drought). Hydrological drought refers to the unavail
ability of surface and groundwater reserves and, while being caused by 

meteorological drought, it can occur several months later. As high
lighted by this composite definition, the intensity, duration and tem
porality of drought determine the magnitude of its impacts (Muthuvel & 
Sivakumar, 2024). However, how systems respond to the shock, based 
on the availability and quality of infrastructures, networks and in
stitutions, is pivotal in shaping both the scale and intensity of drought 
consequences (He et al., 2019).

In the search to assess the socioeconomic impacts of drought, 
scholars usually agree that there are three main categories of effects – i. 
e. direct, indirect, and intangible (Dinar, 2024; Rose, 2004). Direct im
pacts are associated with the economic losses immediately experienced 
by sectors that use water as a critical input in their production processes 
(Logar & Van Den Bergh, 2013). In developed countries, an important 
focus of most of the studies is on assessing the impact of drought on 
agriculture (e.g. Giannoccaro et al., 2019; Mysiak et al., 2015; 
Redondo-Orts and López-Ortiz, 2020; Scarsini et al., 2024). A few 
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exceptions are found for other sectors, such as energy production 
(Averyt et al., 2011; Eyer and Wichman, 2018), urban uses 
(Martin-Ortega et al., 2011) and, more recently, outdoor recreational 
activities (Duval et al., 2024). Indirect impacts, instead, spread over 
larger temporal and spatial scales (Mysiak et al., 2015). Even though 
originating from the same event, indirect effects do not have a direct 
causal connection with it but mainly derive from the interactions and 
transactions between different industrial and economic sectors (Ding 
et al., 2011; Meyer et al., 2013). Lastly, intangible or non-market im
pacts can occur both as direct and indirect consequences of drought. For 
instance, the lack of water can affect the quality, structure, and diversity 
of different environmental systems and negatively affect biodiversity 
(Vicente-Serrano et al., 2020), with cascading effects on other systems. A 
key example is the saltwater intrusion, which not only alters ecosystems 
but also may disrupt socioeconomic activities, such as agriculture and 
household water supply (Nghia et al., 2024). However, the line of 
demarcation among these definitions is often arbitrary and the impact 
categories may overlap (Logar & Van den Bergh, 2013). On one hand, as 
shown by its definition, this is due to the intrinsic complexity of drought 
as a phenomenon. On the other, compared to other natural hazards (e.g., 
hurricanes, earthquakes and floods), drought is a continuous phenom
enon (Dinar, 2024) that causes little damage to infrastructures, build
ings and natural capital (Freire-González et al., 2017). Hence, the impact 
categories that usually apply in impact assessment, where direct effects 
are those affecting capital stock while indirect ones are business in
terruptions derived from that damage, cannot be used for drought (Ding 
et al., 2011). For this reason, most economic appraisals have a prevalent 
focus on the estimation of the direct impacts of droughts, while the 
evaluation of broader economic effects and propagation dynamics is 
often neglected (Logar & Van Den Bergh, 2013). This is considered a 
significant research gap in the economic literature (Meyer et al., 2013; 
Mysiak et al., 2015; Shadabi & Ward, 2024), particularly because 
empirical studies show that, under certain circumstances, indirect im
pacts can significantly exceed direct ones in absolute terms (Gil et al., 
2013). Quantitative assessment methods (such as Computable General 
Equilibrium models or Input Output analysis) allow for estimating 
drought’s indirect effects and capturing the relationships and causal 
links between direct and indirect impacts. Nevertheless, these methods 
build on strong methodological assumptions and simplifications that fail 
to capture the intricate dynamics of drought propagation, especially 
concerning the environmental and social systems (Liu et al., 2024).

The growing recognition of the need for a more holistic and 
contextualized approach to understanding how droughts’ impacts 
propagate from one system to another has brought particular attention 
to System Dynamics (SD) studies. Their ability to potentially overcome 
silo-thinking and promote a greater awareness of the systemic nature of 
complex phenomena makes them particularly valid (Sušnik and Stad
don, 2022). The SD methodology, in fact, recognizes the existence of 
different subsystems that interact with each other through feedback 
loops generating the system’s dynamics (Meadows et al., 1972; Sterman, 
2000). As stated by Winz et al. (2009), understanding the structure 
behind a phenomenon can provide relevant support for decision-making 
processes and this explains why, in recent years, SD has been gaining 
ground in water resource planning and management (Phan et al., 2021; 
Liu et al., 2024). Furthermore, SD facilitates stakeholder involvement 
with varying levels of engagement, from explorative phases to more 
participatory model building processes, aligning with current water 
policies that call for greater stakeholder integration to ensure their 
successful implementation (Videira et al., 2009). Building on these 
considerations, this paper seeks to address the above-mentioned 
research gap by focusing on two Research Objectives (RO): 

1. To analyse the causal relationships among drought impacts and 
investigate how these propagate across systems (RO1).

2. To understand key system characteristics that influence the system 
behaviour and identify leverage points, providing insights for 
effective mitigation strategies (RO2).

To achieve these objectives, this study employed qualitative appli
cation of SD called Causal Loop Diagrams (CLDs) and Causal Tree (CTs), 
which are graphical representations illustrating causal relationships and 
interdependencies among the system’s components. The categorization 
of impacts was first derived from the economic literature, while the 
causal relationships among them were identified inductively through a 
case study. The contribution of this paper to the scientific literature is 
twofold. First, through the means of CTs, this research provides a 
theoretical contribution by clearly distinguishing between direct and 
indirect drought impacts. This approach clarifies the often-blurred 
boundaries between these two categories in existing literature. Sec
ond, the empirical results offer novel insights into the propagation 
mechanisms of drought impacts, enabling the identification of leverage 
points and emphasizing the importance of adopting a more proactive 
approach in drought management. Moreover, this research sheds light 
on the system’s behaviour and the dynamics of impacts’ propagation to 
local stakeholders without relying on complex modelling tools.

The study examines a case study in Emilia-Romagna (Northern Italy), 
a region within the Po River Basin District (RBD) that was particularly 
affected by a severe drought that hit Italy in 2022. The study was con
ducted in close collaboration with the Po RBD Authority to provide 
support in the identification of drought-related impacts. Specifically, 
local stakeholders’ engagement played a crucial role in the validation of 
the findings. In particular, the results obtained from the analysis were 
presented in two workshops in February and April 2023, ensuring the 
integration of diverse perspectives and building a consensus on the 
drought dynamics. Finally, this research focuses on a short-term drought 
(defined as less than three years according to Fernández et al., 2023) and 
it captures its immediate impacts through an analysis conducted be
tween 2022 and 2023, shortly after the drought occurred.

The paper proceeds as follows. Section 2 reviews the main method
ologies used to assess the propagation of drought impact and it illus
trates the advantages of SD in drought assessments. Section 3 describes 
the case study, while in section 4 the integrated approach adopted in this 
study is described. In section 5 the results are presented together with 
the CLDs and CTs, while in section 6 the contribution of this study is 
discussed. Finally, in the last section conclusions are provided, with an 
emphasis on policy implications.

2. Analytical frameworks to understand drought-related 
impacts

2.1. Methods to assess the propagation of drought impacts

Methods for the quantification of drought impacts on water use 
sectors have been extensively reviewed by Ding et al. (2011), Logar and 
van den Bergh (2013) and Meyer et al. (2013). The following para
graphs, instead, delve into methodologies for the evaluation of the 
cascading effects of drought. Both quantitative assessments and holistic 
approaches are considered, with particular emphasis on SD studies.

2.1.1. Quantitative assessment methods
When it comes to the study of propagation dynamics of hazard- 

related impacts, as proposed by Rose (2004), the most comprehensive 
quantitative methods include: Input-Output (I-O), Computable General 
Equilibrium (CGE), and econometric models.

I-O and CGE can be considered as alternatives (Logar & Van Den 
Bergh, 2013), with the rationale of capturing the relationships and 
causal links between direct and indirect impacts. These models assume 
that the significance of the indirect effects depends on the magnitude of 
the direct ones while the propagation of these also depends on other 
external factors. I-O models rely on the linear assumption that the loss of 
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gross added value recorded in water-dependent sectors will directly 
transfer, through economic links, to the production and employment of 
an entire territory. Furthermore, I-O models do not account for agents’ 
behavioural changes and substitution among production factors (Meyer 
et al., 2013; Logar & Van Den Bergh, 2013). An empirical application of 
I-O model can be found in Pérez y Pérez and Barreiro-Hurlé (2009) who 
evaluate the impacts of the 2005 drought on the economy of the Ebro 
River basin focusing on the primary and energy sectors. Conversely, CGE 
models address these gaps by allowing for input substitution (e.g. labour 
and capital) and incorporate price-responsive behaviours allowing 
agents (households, firms) to adjust their consumption or production 
decisions based on relative prices (Rose, 2004; Logar & Van Den Bergh, 
2013). CGE models are grounded in the concept of market equilibrium, 
where agents, after a shock, can adapt their decisions until the system 
reaches a new equilibrium (Rose, 2004). Applications of CGE models can 
be found in Pérez-Blanco et al. (2016) and Mysiak et al. (2015), although 
both have a prevalent focus on the agricultural sector.

Econometric simulations, instead, include a variety of models relying 
on statistical techniques that estimate and test relationships between 
variables based on historical data. Their main advantages over I-O and 
CGE models lie in their ability to distinguish between the actual activity 
of an economy from what it would have been like in the absence of the 
shock (i.e., establishing a baseline) (Rose, 2004). For instance, Gil et al. 
(2013) combine two econometric models to evaluate the magnitude of 
direct and indirect impacts of drought on the Ebro River basin’s agri
cultural sector. While simpler and more flexible than I-O and CGE, the 
approach adopted by the authors remains sector-specific and does not 
capture economy-wide interactions. The authors recognize that econo
metric models should be considered a complementary analysis to those 
conducted through I-O and CGE models (Gil et al., 2013).

All these methods largely contribute to the quantification of drought- 
related costs. This is fundamental in terms of policy orientation since the 
lack of knowledge about the costs is an obstacle to the improvement of 
policy for managing drought risks (European Commission, 2012). 
However, some of the models’ specific characteristics prevent them from 
providing an accessible and context-relevant analysis of the propagation 
of drought-related impacts. Notably, both I-O and CGE are based on 
strong assumptions derived from economic theory, such as perfect 
market equilibrium and profit optimization, which may bias the un
derstanding of the system’s structure and hardly reflect the reality of 
post-disaster recovery (Kilimani et al., 2018). Although some studies try 
to generate models that more realistically reproduce the system’s 
functioning (see, for instance, Pérez-Blanco et al., 2018), the greater 
model sophistication often entails higher data requirements and reduced 
accessibility for practitioners. Furthermore, macro-economic studies 
usually focus on the economic-wide effects, while putting less emphasis 
on the impacts occurring at micro (cities) and meso (catchment) scales 
that, instead, are of primary interest to stakeholders (Meyer et al., 2013). 
Finally, the focus on quantitative estimation makes the valuation of 
intangible impacts a hard task, especially for what concerns non-use 
values (Markantonis et al., 2012).

2.1.2. Holistic approaches
Economic scholars have addressed the search for more comprehen

sive analytical frameworks, with a particular emphasis on Nexus and SD 
studies. The Nexus approach fits particularly well into the lofty objective 
of understanding how the sectors’ interrelations determine the propa
gation of drought impacts. Nexus is defined as “an approach that in
tegrates management and governance across sectors and scales” (Hoff, 
2011). Following this broad definition, Teutschbein et al. (2023) clarify 
that the Nexus approach, rather than being a unified methodology, can 
be considered an ensemble of frameworks, models, techniques and tools 
aiming to understand and analyse complex interlinkages among sectors 
(usually Water-Energy-Food (WEF)). This explains why any study 
attempting to describe, infer, or understand relations among inter
connected elements can be referred to as a Nexus study and, as a result, 

many tools and approaches have proliferated. A limitation of these ap
proaches, indeed, lies in the wide variation in scope, scales, and sectors, 
which makes the design of universally applicable SD models unlikely. 
However, after reviewing the literature on Nexus research, Sušnik and 
Staddon (2022) concluded that SD models are among the most prom
ising approaches to “holistically cover all potential WEF nexus sectors 
coherently while addressing intersectoral feedback, dynamics, and 
complexity”. This explains why the SD methodology has been widely 
applied in water management literature and, among others, Winz et al. 
(2009), Mirchi et al. (2012), Chen and Wei (2014), and Phan et al. 
(2021) provide extensive reviews on the SD application in water 
resource management. Recurrent themes in the studies refer to water 
quality, supply, management, irrigation, reservoir control, and 
groundwater dynamics. Within this framework, the methodological 
application ranges in many and diverging directions adopting both 
quantitative and qualitative approaches. In general, the SD methodology 
in water management has a long tradition starting from the 50s with a 
main emphasis on quantitative and hydrological models. This aspect is 
even more evident if considering studies focused on water-related nat
ural hazards such as drought. For the latter, most studies deal with 
simulations of alternative water allocation considering a hypothetical 
drought scenario (Ford and Andersen, 2008; Layani et al., 2021; Mirchi 
et al., 2012). Other studies have integrated the SD methodology with the 
development of water indicators related to the resource availability and 
demand (Wang et al., 2024; Liu et al., 2024). Moreover, SD is often 
applied to evaluate and compare the effects of the introduction of a 
given policy measure on the water system as in the work by Layani et al. 
(2021). However, in some cases, comprehensive data might not be 
accessible for constructing a quantitative model, or the primary aim 
could merely be to understand the dynamics and organization of a 
complex system like the WEF nexus. A straightforward yet powerful 
qualitative modelling approach, which does not demand extensive data 
or costly software, is the use of CLDs. This method is widely adopted by 
scholars studying complex systems with stakeholder involvement. 
Developing CLDs is particularly valuable for helping SD modellers and 
non-expert stakeholders understand and represent qualitatively the 
intricate interactions between variables. Furthermore, CLDs can serve as 
a foundation for more detailed system analysis (Mirchi et al., 2012). An 
attempt to model drought’s impacts with a qualitative SD approach is 
the work of Shahbazbegian and Bagheri (2010) who use the CLD to 
assess the vulnerability to droughts in water-scarce and water-abundant 
provinces in Iran. An interesting point is that the authors derive some 
(direct) impacts from the perceptions of stakeholders. However, their 
work remains mostly theoretical and, more importantly, sectoral, with a 
major focus on the agricultural sector. A more comprehensive qualita
tive study is that of Purwanto et al. (2019), where CLDs were developed 
to improve the understanding of interlinkages among WEF. The authors, 
by also relying on participatory modelling techniques, found that 
non-computational approaches, such as CLDs, were highly appreciated 
by local planners because of their accessibility. According to their 
findings, such an approach may be extremely valuable either in 
data-scarce regions or as a first stage towards quantitative model 
development. Despite these advantages, the application of qualitative 
approaches has so far been limited in Nexus studies resulting in poor 
integration of social science and natural science perspectives (Sušnik 
and Staddon, 2022). Finally, qualitative approaches enable the inclusion 
of stakeholders’ views which is explicitly encouraged by the EU Water 
Framework Directive (WFD) (European Commission, 2003).

2.2. Justification for the selected methodological approach

This paper adopts a qualitative SD approach served by qualitative 
modelling tools, such as CLDs and CTs. This choice was linked to the 
stakeholder-oriented approach underpinning this study which, indeed, 
aimed to support local actors involved in drought management to 
identify effective mitigation strategies. As pointed out in this review, SD 

N.G. Fasolino et al.                                                                                                                                                                                                                             Journal of Environmental Management 380 (2025) 125111 

3 



models are employed to construct representations of complex systems 
from the ground up, without the system being prescribed a-priori. This 
aspect is crucial as it helps to overcome biases associated with the strong 
theoretical assumptions characterizing quantitative economic models. 
The local water planner of this case study (i.e., Po RBD Authority) 
expressed a clear need to become more aware of the dynamics that 
drought generates across water-use sectors. With this regard, qualitative 
modelling tools were deemed effective in representing system func
tioning and cascading effects. Moreover, SD models are intrinsically 
interdisciplinary and inter-sectoral, helping to overcome silo-thinking 
and promoting a deeper understanding of system complexity. One 
recurring element in environmental governance research is to develop 
instruments that enable involved actors and researchers to understand 
complexity. This means generating learning processes in which the 
involved parties become more aware of the common framework in 
which they operate expanding their vision beyond specific interests (as 
perfectly summarized by Hauck et al. (2015), “Seeing the forest and the 
trees”). In this regard, the outcome of qualitative modelling can stimu
late a discussion among stakeholders that overcomes typical fragmen
tation among agriculture, water and energy domains.

3. Case study

The case study area is a portion of the Po RBD, the largest of the 
seven Italian RBDs created following the implementation of the EU 
WFD. The Po RBD is considered an area particularly vulnerable to the 
effects of climate change. This is explained, on the one hand, by the 
changes in climate patterns that this area is experiencing with a drier 
climate and a decrease in the average precipitation level (Toreti et al., 
2022). On the other hand, the anthropic pressure on water resources is 
significant in this area due to the high density of productive activities 
that constitute about 40 % of the national GDP (Castellari et al., 2014). 
In 2022, the whole Po RBD has been hit by one of the most severe 
droughts ever recorded (Monteleone and Borzí, 2024). The exception
ality of this event was due to the persisting negative rainfall anomaly: 
the cumulated precipitation in 2021–2022 (from December to August) 
reached minimum historical levels (Bonaldo et al., 2023). As a conse
quence of this meteorological instability, the monthly mean discharge of 
the Po River progressively decreased; in addition, the salt intrusion 
reached up to 39 km from the coast (ADBPo, 2022).

Our study area refers to the Southern-East part of the Po RBD which 

corresponds to a portion of the Emilia-Romagna region that includes the 
five administrative provinces (NUTS 3) of Bologna, Ravenna, Forlì- 
Cesena, Ferrara and Rimini. The area, within the Emilia-Romagna re
gion, is represented in yellow while the Po RDB is coloured in grey in 
Fig. 1.

More specifically, the study area shows a population density greater 
than the national average which, coupled with a strong tourism sector 
during summer, generates a high pressure on the drinking water sector. 
Local agriculture also accounts for a significant share of total water 
withdrawals due to the production of water-intensive agriculture such as 
kiwi, maize and alfa-alfa. Furthermore, a major petrochemical hub 
producing plastic and rubber is located in the province of Ravenna. 
According to the Water Use Intensity Indicator -measured as the ratio 
between the amount of water used (m3) and the value of production sold 
in the year (€) - the petrochemical industry is one of the most water- 
intensive manufacturing sectors with about 17,5 L per euro (ISTAT, 
2019). On the contrary, only a small share of hydropower generation is 
located within the study area since the main hydropower plants of the 
region are located along the Apennines ridge.

Such a water-intensive territory mainly relies on surface water as its 
main source of supply. This is delivered by the Canale Emiliano Romag
nolo (CER) which is one of the main national water infrastructures that 
diverts part of the water derived from the Po River to an area of 
approximately 3000 km2 that would, otherwise, be poor in surface 
water. The CER represents an essential source of water supply for agri
culture, industrial and civil uses while also fulfilling an important 
environmental function, particularly in maintaining wetlands. An 
additional source of surface water derives from the Reno River, which 
mostly serves the province of Bologna. A third source of water supply is 
represented by a large dam, Ridracoli Dam, which supplies drinking 
water to about one million inhabitants. While about 80 % of the water 
used for irrigation is withdrawn from surface water, the remaining 20 % 
is extracted directly from the aquifers (Bozzola, 2014). During the 
drought of 2022, such a complex and interconnected system underwent 
a severe crisis. During the peak of the drought, the Po RBD Authority 
proposed several (non-mandatory) measures to mitigate the environ
mental damages, such as the limitation or even the interruption of 
withdrawals for irrigation (ADBPo, 2022).

Fig. 1. Po River Basin District and study area.
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4. Materials and methods

4.1. Methodology

The study develops a qualitative conceptual model using the CLDs to 
understand the propagation of drought impacts. CLDs are graphical 
representations where, if a causal relationship exists between the vari
ables, those are linked to each other by arrows having a different sign. 
The polarity of the relationship depends on the link between two vari
ables: a plus sign indicates a positive correlation (i.e. the more of this → 
the more of that), while a minus sign represents a negative correlation (i. 
e. the more of this → the less of that). In complex systems, combinations 
of positive and negative causal relationships may form feedback loops 
represented graphically as a closed cycle. Two fundamental types of 
mechanism exist: reinforcing (R) and balancing (B) feedback loops. The 
advantage of representing a complex problem through the CLD is to 
simplify reality and to depict the cause-effect relationships between a set 
of elements that compose a problem (Sterman, 2000). According to 
Sterman (2000), the classical development of the CLD includes 2 steps, 
namely the problem articulation and the formulation of causal relation
ships. In addition, we included data collection in the process which was 
conducted through interviews. This approach facilitates the expression 
of various perspectives through the involvement of stakeholders to 
improve the understanding of a problem (Mirchi et al., 2012). Fig. 2
illustrates the three steps of the multimethodology, presenting the 
research protocol in a temporal sequence: (i) Problem articulation, 
focusing on defining boundaries; (ii) Data collection, through stakeholder 
engagement and interviews; and (iii) Formulation of causal relations, 
highlighting the development and validation of CLDs. While the white 
boxes outline the specific aim of each step, the bullet points describe the 
related research activities. Further details on each step are provided in 
the following sections.

4.2. Problem articulation

A preliminary list of potential impacts was derived from economic 
literature. In particular, the search was conducted in Scopus by querying 
two sets of keywords: “drought” and “economic impact”. Rather than 
being systematic, the literature review was exploratory: relevant studies 
were first identified and then supplemented with other sources such as 
additional papers, or even project reports, cited in the most relevant 
articles. The impacts identified from the literature were screened 

considering their specificity to drought and their relevance to the study 
area.

Based on the literature, an open-ended interview script was designed 
including questions related to direct, indirect, environmental and social 
impacts, and mitigation measures. This version was addressed to two 
regional experts to test the validity of this classification and to integrate 
additional themes not emerging from the literature. Based on that, a 
questionnaire with both closed and open-ended questions was designed 
which included 37 impacts, respectively 24 direct and 13 indirect, 
organized according to the main water-use sectors, i.e. agriculture, 
drinking water, energy production and industry. Two additional sec
tions were also introduced to assess the implications on the environment 
and on the society in general. Stakeholders were given the possibility to 
evaluate the severity of each impact on a five-point Likert scale (1 =
negligible, 5 = very strong). The table in Appendix B illustrates the 
complete list of impacts included in the final questionnaire according to 
their sector, their classification (direct-indirect) along with their 
respective sources.

4.3. Data collection

Semi-structured interviews were carried out with regional experts. 
Given our objective of a comprehensive representation of drought im
pacts across the main water-use sectors, the first selection criterion was 
to ensure a balanced representation of all four main water-use sectors. 
Moreover, stakeholders were selected based on their expertise in the 
water use sectors in which they operate. Specifically, stakeholders were 
invited to answer only the sections of the questionnaire relating to their 
areas of expertise, ensuring targeted and relevant data collection.

The size of the non-probabilistic sample was not decided before 
embarking on data collection because of the exploratory nature of this 
research. This is a practice recommended for non-probabilistic and 
purposive samples in which the size emerges inductively and data 
saturation is reached when no additional information can be detected 
from the field (Guest et al., 2006).

Moreover, expert-based consultation is often associated with a rela
tively small size of sample as long as participants possess a high degree 
of competence in the domain of inquiry (Young et al., 2018). In total, 19 
interviews were conducted from September 2022 to May 2023, either 
online or in presence, with an average duration of 1 h. The majority of 
the sample is composed of representatives of the agricultural sector, 
which includes companies operating in the agribusiness, experts from 

Fig. 2. Multimethodology adopted for the development of the Causal Loop Diagram on the drought impacts. Authors’ elaboration.
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Land Reclamation and Irrigation Boards, and agricultural associations. 
Moreover, three experts operating in the provision of drinking water and 
in energy production plus one from the tourism sector were interviewed. 
Regarding the industrial sector, we interviewed an expert from the re
gion’s main petrochemical industry. Lastly, one policymaker and one 
representative from an environmental association were included. The 
sample composition is presented in Table 1 below, while Appendix C
provides a more detailed overview of the descriptive statistics (mean 
and standard deviation) for the complete list of impacts, along with the 
number of respondents.

4.4. Formulation of causal relations

4.4.1. Data analysis
Data analysis to develop CLD requires to recognize causal structures 

and relationship types (positive or negative) within the data. To do so, a 
stepwise process was undertaken as recommended by authors working 
with qualitative data and CLDs (Kim and Andersen, 2012; Kenzie, 2021). 
The initial step requires becoming familiar with the data with a thor
ough transcript and reading of the interviews to acquire an overall un
derstanding of the information collected. As a second step, one must be 
able to detect the variables describing the functioning of a system and its 
characteristics. In SD, a variable is defined as anything that can increase 
or decrease over time. Variables should be labelled in a way that in
dicates the presence of the quantity unless this does not compromise the 
understanding of the system (Kenzie, 2021). Moreover, the variables can 
be categorized as endogenous or exogenous. The former are those 
influenced by other system variables, while the latter influence endog
enous variables but not vice-versa. The third step consists of eliciting the 
causal structures from the data. Kim and Andersen (2012) propose 
breaking the data into small segments containing one main argument. 
To identify the implicit causal structure within the data, the authors 
suggest creating coding charts for each segment to track this process. 
Following this approach, a coding chart was created for every impact 
assessed in the questionnaire which also includes the mean and standard 
deviation. It is important to emphasize that these values are not used to 
assess the severity of impacts per se. Rather, they are used to measure 
the degree of agreement or disagreement among experts regarding the 
perceived severity of each impact. The number of respondents indicates 
how many experts answered the question given that they were invited to 
reply only for their areas of expertise.

As an example, Table 2 below describes the causal structure behind 
the impacts “agricultural yields”: the yields are negatively affected by 
the increase of temperature while are positively related to precipitation 
and irrigation. Table 2, applied to each impact, provides specific infor
mation, including descriptive statistics (mean, standard deviation and 
number of respondents), along with notes to further assess the impact 
analysed.

Based on the coding charts, four CLDs - one for each water use- 
sectors - plus a general CLD for the whole system were sketched with 
free-hand drawing and once improved, the final diagrams were built 
using the software Vensim PLE (Ventana Systems, 2012).

4.4.2. Validation
Validation was achieved using strategies commonly employed in the 

domain of qualitative research. Specifically, the findings were validated 
to ensure the credibility of the results drawing on the recommendations 
provided by Lincoln and Guba (1985) and Miles and Huberman (1994). 
The validation process adopted in this study followed different steps at 
various stages of the research development: 

- During and after data collection: data triangulation from multiple 
sources was employed to enhance the robustness of the findings that 
emerged from the interviews. This was particularly crucial for open- 
ended questions, as claims made by interviewees were cross-checked 
with official data sources, such as technical reports on saltwater 
intrusion from the regional environmental agency (ARPAE, 2023) or 
the analyses on agricultural prices from the Bologna Chamber of 
Commerce (2022) to verify the actual increase in prices.

- During data analysis: a detailed audit trail was created to ensure 
replicability of the process and transparency of the final information 
obtained. Specifically, this involved documenting the analysis pro
cess in detail, enabling others to evaluate the robustness of the results 
and the validity of the study’s conclusions. To support this, the 
coding charts are available in the supplementary materials, tracing 
the analytical process behind the development of CLDs.

- Following the development of the CLDs: stakeholders’ engagement 
was undertaken to review the final CLDs drafted by the research 
team. These diagrams were presented in two separate validation 
workshops: one with the interviewees and other regional stake
holders (February 20, 2023) and another with representatives of the 
regional administrations belonging to the Po RBD (April 5, 2023).

5. Results

5.1. General features of the systems

The systemic approach undertaken in this study provides two main 
outcomes. The first concerns the representations of systems structure 
and causal relations among variables through CLDs. Notably, this 
outcome serves to explain how each sector (Figs. 3–7), and the whole 
system (Fig. 8), behave in the presence (or absence) of precipitation. The 
second outcome exemplifies how drought impacts transfer from one 
variable to another providing a user-friendly representation of the dy
namics behind impacts’ propagation (Figs. 9 and 10). In this case, CTs 
were used as graphical representation to complement the interpretation 
of CLDs.

All the CLDs drawn in this study share a common set of symbols and 
conventions. For each sector, the impacts on whose severity respondents 
most agreed (based on the score of the Likert scale) are represented in 
yellow boxes. Moreover, precipitation, temperature, energy price, and 
drought in other countries are all exogenous variables (in bold) because 
they define the boundaries of the system under study.

Lastly, we adopted the distinction made by Freire-González et al. 
(2017) between green water and blue water. The former refers to pre
cipitation stored in the soil and in vegetation that is particularly 

Table 1 
Composition of the sample.

Sector N◦

Land Reclamation and Irrigation Board 3
Agribusiness 7
Agricultural associations 2
Drinking sector and energy production 3
Petrochemical industry 1
Local government 1
Tourism sector 1
Environmental association 1

Table 2 
Example of a coding chart.

Description: Agricultural yields (tonnes/ha) 
Mean: 4.2 
Stand. Dev: 1.0 
Number of respondents: 11 
Notes: Interviewees mentioned the following crops as particularly affected: maize 
(the most cited), other spring-summer crops (sorghum, maize, soy), horticulture 
(potatoes, onions), fruits (apple and pear), and rice.

Causal structure Cause variable: Temperature Precipitation Irrigation
Effect variable: Yields Yields Yields
Relation type: Negative Positive Positive
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important for agriculture. Blue water, instead, relates to surface and 
groundwater stored in rivers, lakes and aquifers but, also, in dams or in 
other artificial reservoirs. Distinguishing the two sources is fundamental 
to describing the propagation of impacts within and across sectors.

5.2. Agriculture

For the agricultural sector, the drought of 2022 eroded farmers’ 
revenues both for rainfed and irrigated crops. However, disentangling 
the system’s dynamics allowed to identify two different causes for the 
economic losses registered: in the case of rainfed agriculture, the losses 
were linked to yield reduction, while irrigated agriculture experienced 
higher production costs due to the increase in energy consumption 
linked to more frequent irrigation turns. Fig. 3 represents the system 
behaviour and the compensative effects generated by the loops in the 
agricultural sector. Specifically, it highlights the interaction between 

key variables in the agricultural sector, showing how reinforcing (R1) 
and balancing loops (B1, B2) govern the propagation of the impacts 
within the sector.

Notably, the balancing loop B1 (blue water → irrigation) represents an 
archetype behaviour of the agricultural system: the more the availability 
of blue water, the more the tendency of agricultural activities to expand 
(Shahbazbegian and Bagheri, 2010) while the more the irrigation, the 
less is the availability of blue water.

The balancing loop B2 (green water → irrigation) illustrates the 
compensative effect between green water and irrigation: the insuffi
ciency of green water requires more irrigation, and at the same time, 
irrigation positively increases the level of water stored in the soil. This 
relation describes the current situation reported by the interviewees in 
which the lack of precipitation has been partly compensated by the 
irrigation systems if available. This also explains the positive relation 
between irrigation and land value: the value of land equipped with 
irrigation systems is expected to increase in the future. As said, the 
irrigated agriculture underwent an increase in the total cost for irriga
tion which was also considered as the most severe impact. Not limited to 
the increase in energy consumption, irrigation costs were also affected 
by other conditions such as the higher energy price due to the interna
tional instability derived mainly by the Russian invasion to Ukraine. 
This resulted in a longer and more costly irrigation season. Furthermore, 
product quality was affected by higher temperatures which, alongside 
with drought conditions, has increased the possibility of developing 
diseases and pathogens or undermined the survival of perennial crops (e. 
g., orchards, vineyards, etc.).

Finally, the agricultural sector was influenced by additional exoge
nous factors. The concurrence of droughts in other countries strongly 
affected the final price for agri-food products as in the case of corn, 
whose price in 2022 increased by 46 % compared to the previous year 
(Bologna Chamber of CommerceCommodity Exchange, 2022).

5.3. Drinking water

Italian law states that the use of drinking water has priority over 
other water uses. Therefore, service provision cannot be reduced even in 

Fig. 3. Key variables and causal links in the agricultural sector.

Fig. 4. Key variables and causal links in the drinking water sector.
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the event of an extreme drought. Hence, the most critical impact was 
reported to be the increase in energy consumption, as the scarce avail
ability of water prompted more energy-intensive operations, such as 
additional potabilization, pumping and conveyance activities. Fig. 4 il
lustrates the aforementioned dynamic specific to the drinking water 
sector.

Notably, in Fig. 4, the blue water sources have been differentiated 
into groundwater and surface water to specify that the regional 
(drinking water) sector relies on various supply sources.

The reinforcing loop R2 (surface water availability → groundwater 
withdrawals) describes a dynamic in which the less the availability of 
surface water, the more the groundwater withdrawals. As described in 
Section 3, the water supply system in Emilia-Romagna mostly relies on 
surface water resources; however, the drought triggered an increase in 
groundwater exploitation with the following increase in energy- 
intensive activities. This diversification of water sources (ground 
water and surface water) plays a crucial role in strengthening the 

region’s adaptation capacity, as the availability of both sources1 directly 
influences this variable. Another relevant causal relation is that between 
blue water and quality: interviewees reported that when there is less 
water available, the quality of the resource also decreases so the costs of 
potabilization increase (due, for instance, to the costs of reagents and 
personnel costs in the potabilization process).

5.4. Energy production

The information collected from the respondents was considered not 
sufficient for deriving the causal relations among variables for the en
ergy sectors. Moreover, as mentioned in Section 3, hydropower pro
duction is negligible for the study area. For this reason, the empirical 
CLD represented in Fig. 5 for the energy sector was also supported by 
additional insights gained from the literature.

The impacts of drought on energy production depend largely on how 
much water is used in the energy production processes (Averyt et al., 
2011). Hydropower, compared to other energy sources, employs the 
largest amount of water and, in systems mainly relying on hydropower 
generation, drought may generate a substantial impact in terms of en
ergy reduction. As a fact, a study conducted in US - where the energy 
sector accounts for the largest water withdrawals - provides evidence 
that the decrease in hydroelectric generation caused by the drought was 
offset by an increase in power generation by fossil fuels with an increase 
in emissions of CO2 and local pollutants (Eyer and Wichman, 2018). 
Hence, the CLD for the energy sector in Fig. 5 describes this compen
sating effect generated by a reduction in hydropower generation. 
Moreover, as highlighted by one interviewee, in intense agricultural 
areas, the reduced availability of biomass due to drought can induce 
additional challenges for those companies relying on bio-based energy.

Fig. 5. Key variables and causal links in the energy sector.

Fig. 6. Key variables and causal links in the industrial sector.

1 Note that in Fig. 4, adaptation capacity it is not directly linked to 
groundwater itself, as the variable refers to “groundwater withdrawals” rather 
than the actual availability of groundwater resources.
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5.5. Industry

As for the drinking water sector, water provision to the petrochem
ical industry cannot be interrupted for safety reasons (fire prevention) 
due to the use of combustible inputs. Likewise, the reduced water flow 
rates were associated with lower water quality which required more 
energy-intensive processes such as treatments and filtration activities. 
Hence, those activities resulted in an increased level of energy 

consumption which, in turn, caused higher cost for the industrial sector. 
As for other sectors, the cost increase was also explained by the rise of 
energy prices during the analysed period. Fig. 6 illustrates the key var
iables and their causal links within the industrial sector.

5.6. Environment

For the environment, it remains a significant challenge to accurately 

Fig. 7. Key variables and causal links for the environment.

Fig. 8. Key variables and causal links for the whole system. Each sector is represented in coloured boxes: green for agriculture, blue for drinking water, purple for 
industry, red for energy sector. Source: own elaboration.
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capturing the full range of drought effects in the short-term after its 
occurrence. This is due to the critical importance of the time dimension 
that must be considered in drought evaluations (Freire-González et al., 
2017). Therefore, in relation to the environment this section primarily 
focuses on short-term impacts (i.e. observed) that have already been 
reported as occurring. Additional impacts (i.e. expected), linked to the 
short-term ones, are considered likely to arise in the event of a prolonged 
drought. The CLD in Fig. 7 illustrates the key components and their 
causal relationships within the environmental context. The system’s 
dynamic originates from the reinforcing loops R1 and R2, already 
explained in previous sections.

The depletion of the water table was considered the most significant 
observed impact which is a consequence of more frequent groundwater 
withdrawals. In the long run, the depletion of the water table is expected 
to cause the sinking of the ground, a phenomenon known as subsidence.

Another observed impact refers to the saltwater intrusion, which is 
among the most severe environmental consequences of a drought (Li 
et al., 2024; Nghia et al., 2024). This phenomenon increases the salt 
content in water and expands the saltwater infiltration into river chan
nels, worsening soil conditions. These effects can severely damage 
wetland ecosystems, compromising their functionality and biodiversity 
(Herbert et al., 2015).This issue was particularly significant in the area 

under study that includes the coastal area of the Po RBD, where the 2022 
drought caused the salt wedge to penetrate up to 39 km into the Po Delta 
(ARPAE, 2023). However, although saltwater intrusion has primarily 
affected the coastal areas of the case study, stakeholders also expressed 
concerns for non-coastal areas since saltwater intrusion can reach the 
groundwater, resulting in a contamination of water supply.

An additional observed impact was the reduced capacity of ecosys
tems to regulate the concentration of pollutants and bacteria due to the 
lower availability of surface water. The lowering of water levels in 
reservoirs and lakes, as well as the decrease in river flows, in some areas, 
has also caused negative effects on both tourism and recreational ac
tivities such as fishing and swimming.

Lastly, the reduction of ecosystem services, along with the worsening 
of soil conditions that contributes to increased dust generation and land 
erosion, was expected to have a negative effect on biodiversity in the 
long run.

5.7. Impacts’ interrelation among sectors

Fig. 8 presents the integration of the sectoral CLDs into one general 
CLD describing the overall dynamics of the system. The general CLD 
simplifies some of the identified relations to avoid a too-detailed dia
gram which would undermine its capacity of synthesis and representa
tion. To facilitate the interpretation of the CLD, each sector is 
represented with different colours, except for the environment which 
represents a cross-cutting theme.

The dynamics generated by the two reinforcing (R1 and R2) and two 
balancing (B1 and B2) loops influence the equilibrium of the system. 
Green water and blue water, which is divided into surface and 
groundwater, are key environmental variables primarily affected by the 
droughts. Their interactions trigger cascading effects across economic 
and societal subsystems, influencing all other sectors either directly or 
indirectly through changes in water availability. Details of the individ
ual causal loops are explained below: 

(R1). The causal relationship established between green water and 
blue water is responsible for the severity of the impacts experienced by 
the agricultural sector. In the short run, as highlighted by Freir
e-González et al. (2017), yield losses caused by the green water drought 
can be partially offset if a sufficient level of blue water is available. This 
can be derived either from artificial reservoirs or from surface water. 
This aligns with the findings of Ortuzar et al. (2025), who emphasize 
that balancing green and blue water mitigates drought impacts.

(B1). The balancing loop B1 describes the tendency of agricultural 
activities to expand given the availability of blue water. If, on one hand, 
the irrigation has a compensative effect on the green water, on the other, 
it contributes to increasing the pressure on the blue water resources.

(B2). Whereby present, irrigation mitigates the economic impacts for 
the agricultural sector because it contributes to recharge the green water 
resources. However, irrigation activity might experience limitations 
during drought as occurred in this case.

(R2). In the case of blue water drought, the negative reinforcing loop 
between surface water and groundwater withdrawals shows how the 

Fig. 9. Causal tree representing direct and indirect impact of drought.

Fig. 10. Drivers of the increase in total costs for energy.
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lack of availability of the first may generate severe consequences for the 
environment, also in terms of water quality. The latter is closely linked 
to the quantity of water available because, for instance, drier environ
ment may present higher concentration of pollutants.

A way to complement the interpretation of CLDs is through CTs, 
which focus on a specific variable to understand to what extent this is 
connected to the others. Specifically, the CT in Fig. 9 illustrates how 
drought propagates through the system, highlighting the in
terdependencies among impacts. Note that, while in the CLDs depicted 
links between “precipitation” and other variables to identify their causal 
relation, the CT uses the term “drought” intended as lack of precipita
tion. The advantage of the CT is that it allows the identification of two 
layers of variables affected by the drought: the first are those directly 
affected, while the second are those indirectly impacted by the lack of 
precipitation. The CT also sheds light on which variables can be 
considered as entry points in the system, as they have more connections 
with other variables.

In this study, the entry points are blue water, green water and irri
gation, meaning that intervening on these variables may generate effects 
on the whole system and this reinforces the argument explained above. 
It is worth mentioning that there might be additional leverage points not 
included due to their lack of relevance in the study area. These factors 
may instead play a crucial role in mitigating drought’s impacts in other 
areas, such as the desalinated and reclaimed water (Adapa et al., 2016; 
Ai et al., 2022).

As highlighted in the description of the sectoral CLDs, an indirect 
effect of drought has been a raising in the energy demand in all eco
nomic sectors. This empirical result offers a novel insight into the 
propagation of the impacts highlighting the nexus between water and 
energy. It emerges that a decline in rainfall level has pushed for a higher 
frequency of energy-intensive activities such as irrigation, filtration and 
potabilization to compensate for the lack of precipitation. Fig. 10 ex
emplifies this effect by illustrating the main factors behind the increase 
in the total cost for energy. The variables on the left represent those 
directly affected by the drought, and which, in turn, are connected to 
energy-intensive activities (second level from the left). Therefore, along 
with the higher energy price registered in the year 2022 (treated as 
exogenous), the raising energy consumption has resulted in a dramatic 
increase for the energy costs for all water-use sectors.

6. Discussion

Understanding how drought impacts trigger each other influencing 
different economic sectors and social actors is a high-stake question. 
Nevertheless, research on the effects of droughts has mainly focused on 
the evaluation of impacts on a single sector, while a systemic vision 
underpinning the propagation of the impacts is often lacking (Chen and 
Wei, 2014; Dinar, 2024; Rose, 2004). In this direction, the integrated 
approach proposed in this study expands the existing conceptual 
framework on drought economic impacts, by considering, in a systemic 
way, their cascading effects through the application of the SD 
methodology.

The initial objective of this work was to analyse the causal re
lationships among drought impacts and investigate how these propagate 
across systems (RO1). This approach allowed for the differentiation of 
two distinct layers of variables impacted by the drought, providing a 
theoretical contribution and a structured understanding of how drought 
affects systems at multiple levels. The first layer encompasses the direct 
impacts, referring to variables that have a direct causal relation with 
drought or, in other words, variables immediately affected by the lack of 
precipitation. The second layer consists of variables that do not emerge 
immediately but arise as secondary consequences of the drought, due to 
their dependence on the direct impacts identified in the first layer. By 
representing the connection between directly and indirectly affected 
variables of a system hit by drought, CLDs and CTs can help overcome 

the ambiguity generated by the dichotomic definition (direct vs. indirect 
impacts) prevalent in economic literature (Logar & Van Den Bergh, 
2013). Moreover, CLDs and CTs graphically represent the “multiplier” 
effect (Rose, 2004), explaining how impacts propagate within a system 
while also effectively communicating its complexity to stakeholders 
(Purwanto et al., 2019). For instance, the graphical representations can 
stimulate a discussion that overcomes the traditional fragmented 
approach that fails to integrate agriculture, water and energy policies. 
Specifically, in Europe, the integration between the Common Agricul
tural Policy (CAP) and the WFD has been only partially successful due to 
several reasons, such as different implementation timelines, limited 
budget allocation, and poor alignment between different planning in
struments (i.e. Rural Development Programmes for the CAP and River 
Basin Management Plan for the WFD) (Mohaupt et al., 2007). Likewise, 
mainstreaming the WFD objectives of achieving good water bodies 
status with climate and energy policies (especially hydropower) is also 
recognized as a priority to ensure a wider success of the WFD (Carvalho 
et al., 2019). By building representations of intricate systems from the 
ground up and without an a priori description of the system, CLDs and 
CTs can contribute to breaking silos, fostering a greater awareness of 
systems thinking in policymaking.

The second objective of the paper was to understand key system 
characteristics and to identify leverage points (RO2). In SD studies, 
leverage points are “places within a complex system where a small shift 
in one thing can produce big changes in everything” (Meadows et al., 
1972). In the CT (Fig. 10), key intervention points are those with denser 
connections with other variables, namely blue water, green water and 
irrigation and their relationships generate three loops (R1, B2, and B3). 
Hence, adaptation and mitigation strategies intervening on these vari
ables should deliver multiple effects on the system. In the short run, the 
adaptation strategies are mainly oriented toward restricting water use, 
especially for agriculture. In the case study, in fact, during the peak of 
the drought, the Po RBD Authority proposed several (non-mandatory) 
measures to mitigate the environmental damages, such as the limitation 
or even the interruption of withdrawals for irrigation (ADBPo, 2022). 
However, except in these extreme moments, the interviewers reported 
that irrigated agriculture withstood due to the extensive presence of 
irrigation systems. The greatest impacts for irrigated agriculture were 
linked to the cost increase due to the rise of energy prices, whilst sig
nificant yield losses were only recorded for rainfed agriculture. These 
findings corroborate the theoretical framework by Freire-González et al. 
(2017) highlighting that the resiliency of a system increases with greater 
availability of fixed hydraulic capital, defined as “durable assets used in 
the production, storage, recycling, interconnection or transportation of 
water for public or private supply”. Besides irrigation, green water is the 
other leverage point relevant for the agricultural sector. This is further 
supported in a more recent study by Ortuzar et al. (2025), who em
phasizes that optimizing the balance between green and blue water is 
crucial for the mitigation of droughts impacts. However, while in the 
short run, the presence of irrigation compensated soil moisture deficit 
due to limited rainfall, in the long run, forward-looking mitigation 
strategies are needed. In this direction, a study by the World Bank has 
shown that the impacts of drought on per capita GDP were less intense in 
countries with greater forest cover (Zaveri et al., 2023). Likewise, Wang 
et al. (2024) demonstrate that afforestation initiatives can improve 
drought resiliences. These findings underscore that enhancing natural 
capital is as important as ensuring a good level of hydraulic capital, 
although this aspect is usually less considered in drought studies 
(Mihunov and Lam, 2020). Therefore, enhancing natural capital should 
be considered a cost-effective strategy to strengthen climate resilience in 
the case study context, where a highly specialized agricultural system, 
coupled with intense urbanization, has led to a significant increase in 
soil erosion and loss of soil organic matter. The third leverage point, i.e. 
blue water, is also linked to the hydraulic capital. Mitigation strategies 
implemented in the long run usually focus on enhancing blue water 
reserves through, for instance, increasing water storage capacity, 

N.G. Fasolino et al.                                                                                                                                                                                                                             Journal of Environmental Management 380 (2025) 125111 

11 



desalinisation facilities, or awareness-raising campaigns. As rightly 
pointed out by Rose (2007), a distinction should be made between 
proactive and reactive resiliency. The above-mentioned mitigation 
strategies belong to the first category because they aim at increasing the 
resiliency capacity before a disaster. However, in the short run, which is 
the timeframe of the study, it is interesting to observe how the system 
reacted to the shock in operational terms. The co-presence of a large 
multipurpose infrastructure (as the CER) and a dam, in fact, allowed a 
diversification of sources of supply that was successful in mitigating 
drought impacts, especially for the drinking water sector. Therefore, the 
area under study exemplifies how both the existence of hydraulic capital 
and its diversification are key in determining the economic conse
quences of drought.

Furthermore, our findings provide evidence on the water-energy 
nexus or, more specifically, on how drought can increase energy de
mand. Along with the higher energy price registered in the year 2022 
due to exogenous conditions (i.e. Russian invasion to Ukraine), the ris
ing energy consumption led by the drought has resulted in a dramatic 
increase in energy costs for all water-use sectors. This water-energy 
connection has been poorly explored in the literature so far (with a 
few exceptions, such as Scanlon et al., 2013) and emerged as an unex
pected outcome of this research. Most nexus studies, indeed, focus on the 
amount of water used in power generation (D’Odorico et al., 2018) 
while less attention is placed on the energy required in water-intensive 
activities, such as irrigation, pumping, treatment and potabilization. 
This issue could become even more relevant in the future as the pro
jections of the International Energy Agency (2016) foresee increased 
water withdrawals and consumption by the energy sector by 2040. 
Additionally, reduced water availability can limit hydroelectric power 
generation, leading to increased reliance on fossil fuels and emissions of 
CO2 (Eyer and Wichman, 2018), with controversial effects on policies 
goals such as climate neutrality outlined in the European Green Deal 
(European Commission, 2021).

Some limitations of this study should also be mentioned. One con
cerns the statistical values associated with each impact that should be 
approached cautiously considering the methodology’s setup. Another 
limitation concerns the limited number of observations in some sectors, 
in particular hydropower generation, which is partially justified by the 
limited representation of these sectors within the study area. The 
severity of drought’s impact is the result of the complex interplay be
tween the natural event (rainfall deficit) and the regional water demand, 
based on peculiar societal and environmental characteristics (Shadabi & 
Ward, 2024; Wilhite et al., 2007). Hence, the results of this study could 
be integrated by applying the same methodology in different contexts, 
such as systems more relying on hydropower as an energy source or non- 
coastal areas. Lastly, the exclusive use of the qualitative approach, while 
providing a comprehensive understanding through the representations 
of CLDs and CTs, lacks a finer granularity which could be achieved with 
the integration of quantitative methods. Blending qualitative and 
quantitative approaches is a recommended practice in Nexus studies 
(Sušnik and Staddon, 2022). In this direction, further research could 
explore the interdependencies among variables and feedback loop using 
a quantitative approach, although this would require substantial amount 
of data. Regardless of a future quantitative application, it is important to 
acknowledge that a significant contribution of qualitative system map
ping lies in considering a wide range of impacts, including non-market 
ones (Ding et al., 2011). Finally, causal maps offer a comprehensive 
view of the interrelations among drought impacts, providing a practical 
resource for local planner (e.g., Po RBD Authority) while enabling 
effective communication to a wider audience, thereby serving as useful 
tools for supporting participatory decision-making processes in drought 
management, as required by the WFD (European Commission, 2003).

7. Concluding remarks and policy implications

A complete economic assessment of drought impacts brings with it 

several challenges that mainly derive from the interactions arising from 
environmental and socio-economic systems. Starting from this consid
eration, the main objective of this paper was to contribute to the un
derstanding of the wide economic implications of drought while 
proposing a novel framework based on a systemic approach. The study 
presents a structured methodology to recognize causal relationships 
within the observed drought’s impacts. The propagation of these im
pacts was formalized using CLDs, graphical representations from the SD 
methodology. This empirical result offers a novel insight into the 
propagation of the impacts providing further evidence on the water- 
energy nexus: in fact, the 2022 drought increased energy demand 
across all water-use sectors due to more frequent energy-intensive ac
tivities. Building upon the above discussion, several strategies are 
suggested.

From a policy perspective, prioritizing investments in hydraulic 
infrastructure is recommended to alleviate the severity of the drought 
impacts. In this sense, this research highlights that ensuring adequate 
blue water reserves is essential to sustain prolonged periods of green 
water drought. As a matter of fact, activities dependent on blue water, 
such as irrigation, have proven crucial in mitigating the most severe 
impacts of drought, particularly in the agricultural sector, despite 
contributing to an increase in energy demand. Therefore, integrated 
policy strategies that enhance both blue water and green water reserves, 
considering also their causal relation, are recommended. This un
derscores the importance of adopting a proactive approach in drought 
management, implementing measures under normal hydrological con
ditions rather than drastic and reactive measures during the drought. In 
this context, proactive strategies include, for instance, the imple
mentation of Drought Management Plans (DMP), warning and infor
mation systems, technological investments, strategic planning of 
demand-side policy reduction, and education and awareness-raising 
campaigns.

From a methodological perspective, promoting wider adoption of the 
SD approach in environmental governance research supports decision- 
makers in addressing the complexity and design more informed, tar
geted and system-based strategies. This becomes particularly valuable in 
fields characterized by a high degree of fragmentation, such as water 
policy, where the representation of system behaviour, through 
comprehensive causal maps, can facilitate a process of integration of 
different sectoral policies. In drought assessment, these causal maps 
offer a holistic perspective on the interconnection among the different 
impacts, highlighting potential trade-offs and synergies across sectors 
while considering social and ecological networks. Furthermore, the 
systemic approach allows the identification of key entry points where 
policy intervention can produce a greater effect across multiple sectors. 
In this direction, future line of work could integrate the qualitative 
description of the system with more quantitative data. This would be 
particularly relevant for decision-makers not only in identifying stra
tegic synergies between policy areas but also to simulate the effects of 
the introduction of a given policy measure on the system.

The methodology applied in this research identifies generalizable 
dynamics which may be also relevant in other contexts, among these the 
link between drought and energy consumption or the distinction be
tween blue and green water drought. However, the results remain 
particularly valuable for local decision-makers, as the severity of the 
impacts largely depends on pre-existing and site-specific conditions. For 
instance, this study did not consider the influence of socio-cultural, 
institutional, and technological factors on the severity of the 2022 
drought, but these aspects could be further explored in future research to 
better understand their role in shaping drought impacts. Likewise, 
future studies could also investigate the drought-energy nexus in sys
tems more reliant on hydropower as energy source. Additionally, this 
study has focused only short-run drought impacts, and consequently, the 
policy implications outlined may not fully address droughts that persist 
over a longer time period.

Finally, recognizing the growing risks related to the frequency of 
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natural hazards, together with international trends of energy con
sumption, this approach offers an effective and accessible tool to un
derstand the complexity of current systems under climate change and 
design policies accordingly.
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Appendix A 

Table A.1 
Acronyms

CAP Common Agricultural Policy
CER Canale Emiliano Romagnolo
CGE Computable General Equilibrium
CLD Causal Loop Diagram
CT Causal Tree
DMP Drought Management Plans
I-O Input-Output
RBD River Basin District
SD System Dynamics
WEF Water-Energy-Food
WFD Water Framework Directive

Appendix B 

Table B.1 
Final list of the impacts included in the questionnaire

Sector Category Type of impact Code Source

Drinking water Direct Energy costs HYDR01 Interview with experts
Potabilization costs HYDR02 Interview with experts
Logistic costs HYDR03 Interview with experts
Costs for non-priority uses HYDR04 Logar and van den Bergh (2013); Martin-Ortega et al. (2011)
Others HYDR05 N/A

Indirect Impact on other sectors HYDR06 Logar and van den Bergh (2013)
Adaptation costs HYDR07 Interview with experts
Others HYDR08 N/A

Agriculture Direct Agricultural yields AGR01 Logar and van den Bergh (2013); Rose (2004)
Quality of the products AGR02 Interview with experts
Land value AGR03 Rose (2004)
Irrigation costs AGR04 Freire-González et al. (2017)
Energy costs AGR05 Interview with experts
Management costs AGR06 Interview with experts
Logistic costs AGR07 Interview with experts
Others AGR08 N/A

Indirect Impact on other sectors AGR09 Logar and van den Bergh (2013); Ding et al. (2011); García-León et al. (2021)
Impact on the imports AGR10 Ding et al. (2011); Meyer et al. (2013); García-León et al. (2021)
Impact on the soil AGR11 Rose (2004)
Long term impacts on crops AGR12 Ding et al. (2011)
Infrastructure damage AGR13 Meyer et al. (2013)

(continued on next page)
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Table B.1 (continued )

Sector Category Type of impact Code Source

Others AGR14 N/A
Energy Direct Hydroelectric power generation (quantity) ENE01 Logar and van den Bergh (2013); Rose (2004);

Energy from fossil fuels (quantity) ENE02 Averyt et al. (2011); Eyer and Wichman (2018)
Reneawable energy (quantity) ENE03 Averyt et al. (2011); Eyer and Wichman (2018)
Production costs ENE04 Eyer and Wichman (2018)
Management costs ENE05 Ding et al. (2011)
Others ENE06 N/A

Indirect Impact on other sectors ENE07 Logar and van den Bergh (2013); Ding et al. (2011)
Increased energy from fossil fuels ENE08 Averyt et al. (2011); Eyer and Wichman (2018)
Others ENE09 N/A

Industry Direct Water resource costs IND01 Rose (2004)
Treatment costs IND02 Interview with experts
Others IND03 N/A

Indirect Impact on other sectors IND04 Logar and van den Bergh (2013)
Others IND05 N/A

Environment Direct Saltwater intrusion ENV01 Toreti et al. (2022)
Soil degradation ENV02 Rose (2004)
Reduction of regulative ecosystem services ENV03 Logar and van den Bergh (2013); Ding et al. (2011)
Reduction of cultural ecosystem services ENV04 Logar and van den Bergh (2013); Ding et al. (2011)
Others ENV05 N/A

Indirect Water table depletion ENV06 Dinar et al. (2021)
Habitat loss ENV07 Logar and van den Bergh (2013)
Land subsidence ENV08 Ding et al. (2011); Dinar et al. (2021)
Others ENV09 N/A

Social Combined Social tension SOC01 Logar and van den Bergh (2013)
Cooperation SOC02 Interview with experts
Others SOC03 N/A

Appendix C 
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Figure C.1Mean and Standard Deviation associated to each impact.

Data availability

Data will be made available on request.
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ISTAT, 2019. Utilizzo e qualità della risorsa idrica in Italia. Retrieved from. https://www 
.istat.it/it/files/2019/10/Utilizzo-e-qualità-della-risorsa-idrica-in-Italia.pdf.
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