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Abstract: Sustainable management of water resources in agriculture is extremely challenging for both policy-makers and 
scientists, especially at the local scale, due to multiple, complex, and interconnected loops existing among different 
issues and actors involved in intensive agricultural system. In such systems, multiple actors are indeed involved in 
decision-making processes characterized by high complexity of relationships between internal and external factors. 
Consequently, due to a poor knowledge of the system complexity, management strategies may often be affected by a 
high uncertain and result ineffective in their impacts. In this context, the proposed work aims at unravelling the 
complexity behind the sustainability of water use for irrigation purposes. A model based on Causal Loop Diagrams 
(CLD) was implemented on a reference case study of Southern Italy in order to get a deeper insight into a complex 
agricultural system. Moreover, a set of sustainability indices based on the concept of “footprint” were implemented in 
order to quantify the environmental and socio-economic impacts of the agricultural production. The results allow to 
detect and analyse the feedback mechanisms leading to potential unsustainability and to evaluate the effectiveness of 
the actions implemented to improve the sustainability. 
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1. INTRODUCTION  

It is well recognized that irrigation practice plays a key economic role for agricultural activities 
of the Mediterranean area. However, it is likewise recognized that agricultural has the largest 
environmental impacts not only in term of water consumption but also in term of energy 
consumption (FAO 2012, 2014). As the complexity of the issues related to water resources has 
increased, there have been extensive studies to combine the concept of sustainability with 
management issues (Juwana et al. 2012), especially at local scale where the combined action 
between human activities and external drivers (i.e. climate change and economic development) 
influence water security (Montanari et al. 2013; McMillan et al. 2016). In the past few decades a 
growing number of studies were developed based on the results of different index-based approaches 
used to formulate sustainability policies (Galli et al. 2012; Subagadis et al. 2014; Ozturk 2015). 
However, due to a poor knowledge of the system complexity, management strategies may often be 
affected by a high uncertainty and result ineffective in their impacts (Giordano et al. 2013, 2015, 
2017; Portoghese et al. 2013). With the purpose of supporting the sustainable management of water 
resources, the present research aims at implementing an integrated methodology in which the results 
of an index-based approach, capable to evaluate the environmental and socio-economic impacts of 
the agricultural activities, are coupled with the analysis of the main dynamics affecting the 
sustainability use of water resources. Particularly, this research work aims to answer the following 
questions: (i) what are the main drivers and dynamics affecting the sustainable use of water 
resources? (ii) how an index-based approach may support decision-making in water resources 
management? 

In this framework, a system dynamic (SD) approach is suitable to solve these issues, since 
problem understanding and framing are key aspects of the SD approach (Setianto et al. 2014), in 
which the system is considered constituted by sets of interactions among different variables strictly 
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interviewed (Forrester 1994; Senge 1997). SD proved capable to support decision-makers in 
understanding the structure and behaviours of a complex system based on feedback loops (Sterman 
2000) and Causal loop diagrams (CLDs). The proposed methodology has been implemented in a 
reference case study located in the Apulia region (Southern Italy). The following sections provide a 
short description of the methodology developed, followed by an application in the case study.  

2. MATERIALS AND METHODS 

2.1 Study system description 

This case study refers to the Capitanata plain, which is located in Apulia region (Southern Italy) 
within the province of Foggia (covering almost 455,000 ha). Despite the limited water availability, 
agriculture is a key economic activity in the area and the irrigation practice is essential in supporting 
agricultural production mainly specialized in cereals (especially durum wheat), vegetables (mainly 
tomato), olive trees and grapevine. Two irrigation districts are established in the area, (covering 
approximately 150,000 ha, 126,000 ha of which are served by pressurized irrigation networks), 
respectively the “Fortore district” on the Northern part and the “Sinistra Ofanto district” on South. 
Both districts are managed by the local “Irrigation users organization of Capitanata” (IUOC) and 
organized with on-demand supply points equipped with water meters, and pre-paid card devices for 
each user.  

The Fortore district (covering ≈ 104,000 ha) is supplied by the Occhito dam with an average 
irrigation volume of about 100 Mm3, far below the actual irrigation demand of the study area. 
Consequently, irrigation is supplied by the combined use of the surface and ground water source 
causing an increasing number of uncontrolled withdrawals from the alluvial aquifer through private 
wells located within farm areas. The limited water availability, coupled with the interaction between 
different actors significantly affect water use and management, causing environmental and socio-
economic impacts associated to agricultural activities, groundwater exploitation, energy 
consumption and irrigation cost. In this framework, sustainable water management requires a 
comprehensive knowledge of the main drivers and interactions affecting environmental and socio-
economic impacts of the agricultural activities, before undertaking any decision-making process, 
including policy design. 

2.2 Understanding system dynamic 

With the purpose of understanding the main drivers of agricultural practices influencing water 
management, a CLD analysis (Vennix 1996) of the system was developed using the Vensim PLE® 
software, based on the results of semi-structured interviews with the main actors involved in 
decision-making. Further information of the semi-structured interviews are available in Portoghese 
et al. (2013) and Giordano et al. (2015).  

The CLD of the Capitanata system (Figure 1) demonstrated that mutual influences exist among 
the actors involved, whose behaviour is influenced by external drivers (i.e. crop market price, CAP 
subsidies and water availability). The interaction among different water users activates three 
intertwined dynamics (Figure 1) specifically related to the irrigation water demand (i.e. IWD 
marked in red), the irrigation water withdrawals (i.e. IWW marked in violet) and the irrigation 
water cost (i.e. IWC marked in green), which substantially affect the dynamic of the whole system. 
Another important dynamic is activated within the IWW dynamic, related to the energy 
consumption (i.e. EC marked in orange) associated to the water withdrawals. 

Going further into details, IWD dynamic is mainly related to the crop choice and is influenced by 
the water availability and market condition (i.e. crop market prices and CAP subsides), which are 
the main variables contributing to the farmer’s crop choice. Two loops are dominant in this 
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dynamic: a balancing loop (B1 – related to irrigation requirement of crops) and a reinforcing loop 
(R1 – related to the connection between crops and related profit) which, from a dynamic point of 
view, can be conceptualized as a “limited to growth” archetype (Vennix 1996). The IWD dynamic 
has significant cascading impacts on the other two dynamics. In particular, the IWW module 
describes the dynamic of water withdrawals from different water sources (i.e. surface and 
groundwater source) and two loops (B2 and R2 respectively) define the interconnected and 
interdependent behaviour. When groundwater pumping is more affordable than using the surface 
water, the use of the aquifer becomes more relevant. As a result, groundwater may be subjected to 
over-exploitation, and both water quality and quantity may be affected (loop R4). The large amount 
of water abstracted from groundwater source is also associated to high energy consumption. A 
reinforcing loop (R3) characterizes the EC module. The IWW dynamic also strongly influences the 
IWC dynamic, since water withdrawals have important impacts on farmers’ costs, which in turn 
influences the profit in the IWD dynamic (loops B3 and B2). 

 

Figure 1. CLD representation of the Capitanata agricultural system. The arrows are marked by a polarity (+ or −) 
suggesting the type of effect one element has on the other; positive or negative polarity shows whether the variables 

move on the same or opposite direction. Red variable are the system outputs. 

In order to provide a quantitative synthesis of the main dynamics, a set of indices are proposed 
describing the key aspects of the aforementioned dynamics. These indices are named respectively: 
irrigation footprint index, energy footprint index and water cost footprint index. The following 
section provide a brief description of these indices while further details are available in de Vito et 
al. (2016, under review). 

2.3 Irrigation water footprint index (Iw) 

The aim of this index is to evaluate the impacts that the IWD dynamic has on the IWW dynamic. 
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It is based on the concept of Water Footprint (WF) introduced by Hoekstra (2003), limiting the 
analysis only to the green and blue water footprint components. Two different components of Iw 
were calculated according to Eqs. 1 and 2, distinguishing between surface and groundwater source. 
The surface component of blue-water footprint (SWFblue) is computed considering the amount of 
water abstracted from surface source and the hydraulic efficiency (better describe in the following). 
Conversely, the groundwater component of the blue-water footprint (GWFblue) is evaluated as the 
difference between the total blue-water footprint and the surface SWFblue. Both the blue and the 
green water footprint components were computed through CROPWAT® software, according to the 
methodology described by Hoekstra et al. (2011). 

Iw (s) [-] = SWFblue/ WFgreen  (1) 

Iw (g) [-] = GWFblue/ WFgreen  (2) 

The hydraulic efficiency has been calculated as the product of: (i) conveyance efficiency (i.e. the 
efficiency related to the water supply network), assumed as 0.87; (ii) farm efficiency (i.e. the 
efficiency related to the farm management techniques) which was assumed equal to 0.99; 
(iii) application efficiency (i.e. the efficiency related to irrigation methods) which was assumed 
equal to 0.9.  

2.4 Energy footprint index (Ien) 

This index aims to evaluate the impacts that both IWD and IWW have on the EC dynamic. The 
impact of each crop in terms of energy consumption associated to groundwater abstraction were 
calculated (Eq. 3) as the ratio between the unit energy consumption for irrigation and the unit 
economic land productivity of a given crop: 

Ien(g) [KWh/€] = Ea(g)/Elp  (3) 

Specifically, the economic land productivity (Elp) describes the economic yield of crop 
production on a unit area (€/ha) calculated as the crop yield (kg/ha) times the crop market value 
(€/kg).  

In the above equation, Ea(g) is defined as the product between the energy required to pump a unit 
volume of water (Ew(g), expressed in kWh/m3), and the volume of water abstracted to irrigate a unit 
area, expressed in m3/ha. Ew(g) is calculated according to the Eq. 4: 

Ew(g)[KWh/m3]= Ht(g)/(102 * η(g) * 3.6)  (4) 

Ht is the hydraulic head [m], composed by the elevation head Hg, the head loss Hp, and the 
nominal operating pressure of the irrigation system He. The pumping efficiency, is identified with η. 
In our case study we considered: Hg= 40 [m], Hp= 26,5 [m], η(g)= 0,5.  

2.5 Water cost footprint index (Ie) 

This index aims to evaluate the influence of IWD and IWW on IWC. It is defined as the ratio 
between the water costs associated to the agricultural production and the economic land 
productivity. It can be computed as follows: 

Ie(s) [-] = Cw(s)/Elp   (5)  

Ie(g) [-] = Cw(g)/Elp   (6) 
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In the present work, the surface water cost is directly derived considering the water tariff applied 
by the central authority; groundwater cost is instead computed referring to the variable costs due to 
the energy consumption, neglecting both additional variable components and fixed costs. This 
assumption has not substantial implications since the other components could be considered more 
or less constant values. 

3. RESULTS  

The sustainability assessment has been carried out between 2000 and 2011 considering the 
tomato, olive trees and grapevine crops (Figure 2 a, b). A comparative analysis is proposed for the 
normalized indices (Figure 2a), which are calculated referring to both surface water and 
groundwater, clearly showing that in the study area groundwater abstraction has higher 
environmental impacts but better economic implications. 

 

Figure 2. a) normalized indices calculated referring both for surface and groundwater source; b) ‘hybrid’ 
configuration depending on the effective ratio between groundwater and surface water. 

Going further into details, the olive production has the lowest environmental implications in terms 
of groundwater exploitation (Iw= 0,21), whereas the low profitability (Elp ≈1200 €/ha) negatively 
influences both the water-cost footprint index and the energy footprint index. The production of 
tomato requires instead a large volume of water mainly deriving from groundwater abstraction (Iw(s) = 
1,14; Iw(g) = 2,63). Moreover, it has the higher energy and economic impacts due to the higher cost of 
water compared with the economic crop value (Elp ≈ 6400 €/ha). Referring to the grapevine it has 
lower impacts in term of water consumption (Iw(s) = 0,89; Iw(g) = 1,09) and it represents the most 
profitable production, due to the high economic value of this crop (Elp ≈ 7900 €/ha). Thus, although 
the energy consumption and the cost of water are highly relevant, they might be considered 
‘sustainable’ due to their profitability. The same conclusions are supported by a ‘hybrid’ version of 
the indices (Figure 2b), calculated considering the actual ratio between surface and groundwater 
volumes used for crop production in the study area. This analysis globally provides significant 
information of the many different impacts associated to agricultural activities.  

Referring to Fig. 1, the Iw index mainly depends on crop choice by farmers, influenced by both 
water availability and market conditions. Particularly, the market conditions are among the primary 
causes affecting the unsustainable use of water resources, and this should be carefully taken into 
account by policy makers. The affordability of groundwater pumping indirectly influences both the 
Ien and Ie. As a result, policy strategies oriented to increase the water tariff in order to discourage 
water waste may have significant impacts not only in term of water consumption but also in terms 
of energy consumption and irrigation water cost with cascading effects on the agricultural sector.  

4. CONCLUSION 

The proposed methodology aims to demonstrate that a deeper insight into the complexity 
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characterizing agricultural sector can support water management allowing to select the most 
suitable strategies to guarantee sustainability. Particularly the analysis of costs and benefits related 
to agricultural activities in a complex area, mainly in terms of water consumption (which is the 
main environmental impact), but also considering the cascading economic and energetic impacts, is 
carried out. The limited green water availability is unable to match the crop water requirement and 
thus large volumes of water for irrigation need to be supplied either by surface water sources or by 
groundwater. Groundwater withdrawals are often preferred, due to the lower costs and the higher 
availability, although the impacts of water overexploitation on groundwater could be particularly 
dangerous and difficult to control. The proposed analysis clearly shows that unsustainability 
depends on the interaction between different actors, who significantly influence the system’s 
dynamic, conceptualized using three modules (IWD, IWW and IWC). An index-based approach is 
adopted to summarize the information related to the above dynamics, thus supporting decision-
makers in the selection of the most suitable policies for the sustainable management of water 
resources. 
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