

  water-09-00020




water-09-00020







Water 2017, 9(1), 20; doi:10.3390/w9010020




Article



Prospects for Improving Gravity-Fed Surface Irrigation Systems in Mediterranean European Contexts



Daniele Masseroni 1,*, Sandra Ricart 2, Francisco Ramirez de Cartagena 3, Joaquim Monserrat 4, José Manuel Gonçalves 5, Isabel de Lima 6, Arianna Facchi 1, Guido Sali 1 and Claudio Gandolfi 1





1



Department of Agricultural and Environmental Sciences (DiSAA), University of Milan, Via Celoria 2, 20133 Milano, Italy






2



Department of Geography, University of Girona, Plaça Ferrater Mora 1, 17071 Girona, Spain






3



Department of Chemical and Agricultural Engineering and Technology, University of Girona, Campus Montilivi, 17071 Girona, Spain






4



Department of Agroforestry Engineering, University of Lleida, Alcalde Rovira Roure 191, 25198 Lleida, Spain






5



College of Agriculture, Polytechnic of Coimbra, 3015-316 Coimbra, Portugal






6



Marine and Environmental Sciences Centre (MARE), Department of Civil Engineering, University of Coimbra, Campus 2, Rua Luis Reis Santos, 3030-788 Coimbra, Portugal









*



Correspondence: Tel.: +39-02-503-16903; Fax: +39-02-503-16900







Academic Editors: Tim Hess and Jerry Knox



Received: 16 November 2016 / Accepted: 23 December 2016 / Published: 1 January 2017



Abstract

:

Traditionally, most irrigation practices in Southern Europe have been based on gravity-fed surface irrigation systems. Currently, these systems remain a relevant typology in the European Union (EU) member states of the Mediterranean areas, where it is often the only sustainable method for farmers due to the small size of agricultural holdings, their reduced capacity and readiness to invest and the low ratio between yield profits and irrigation costs. In the last several years, in response to European and national directives, surface irrigation has garnered increasing attention at the political and bureaucratic levels due to frequent criticisms of its postulated low efficiency and high water wastage. However, these systems commonly provide a number of ecosystem services and nature-based solutions that increase the positive externalities in different rural socio-ecological contexts and often have the potential to extend these services and provide solutions that are compatible with economical sustainability. This study aims to discuss the prospects for new practices and for the rehabilitation and modernization of the gravity-fed surface irrigation systems in EU Mediterranean areas to enhance water efficiency, thus gaining both economic advantages and environmental benefits. The difficulties, stimuli for improvements and peculiarities of the irrigation water management of four rural environments located in Italy, Spain and Portugal were analyzed and compared to the current state of the gravity-fed surface irrigation systems with hypothetical future improvements achievable by innovative technologies and practices. In these different case studies, the current gravity-fed surface irrigation systems have an obsolete regulatory structure; water-use efficiency is not a driving criterion for the management of the conveyance and distribution canal network, and farmers are not yet adequately encouraged to adopt more efficient gravity-fed irrigation practices. A continuous knowledge exchange is thus necessary for the interaction of all irrigation water managers and farmers to improve their eco-efficiency and to preserve and promote their cultural heritage across the entire water supply and delivery chains. We argue that the best way forward will require precisely targeted rehabilitation measures of gravity-fed surface irrigation systems based on the integrated use of decision support services, gate automation, remote and feedback controls and real-time flow optimization.
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1. Introduction


Irrigation practices in Europe have traditionally consisted of gravity-fed surface irrigation systems. In these cases, the water is conveyed from surface sources (primarily rivers or reservoirs, both natural and artificial) and is distributed to individual fields through a network of canals of different sizes, relying on gravity as the driving force. In sizeable areas of the southern Member States, especially in Catalonia, Northern Italy and Portugal, gravity-fed surface irrigation remains the dominant form of irrigation, being used in 51%, 70% and 63% of farms, respectively [1]. The main cultivated crops are cereals, particularly maize and rice, which require approximately two to three times the amount of water compared with other extensive crops [2]. The utilized agricultural area (UAA) in these states accounts for approximately 40% of the total land area, resulting in an average size of 16.1 ha per agricultural holding. The mean field size is approximately 5 ha, with a high level of fragmentation that affects the labor decisions of farmers, and consequently, the performances of farms [3].



Since the Renaissance, the hectic development of a dense network of gravity-fed surface irrigation canals for water delivery to single agricultural fields has occurred, mainly due to the high level of land fragmentation and small field sizes [4]. However, the lack of coordination among water users caused redundancy in these canals, leading to a chaotic structure, complex layout, and a lack of a specific hierarchy [5]. Nevertheless, the complex system of reservoirs, rivers, and irrigation canals that is common in rural Southern European territories is an emblematic model of hydraulic infrastructures, and although it can be perceived as obsolete, in general, it is operationally efficient and helps to maintain the good environmental status of the natural resources in several ways [6,7,8]. The majority of the irrigation canals are unlined and resemble small natural rivers rather than artificial infrastructures that support agriculture; this facilitates their integration into the landscape and gives them an environmental value as well as a cultural heritage [9,10,11].



As the largest user of fresh water, agriculture sits at the interface between the environment and society, and any improvements in irrigation water management need to consider its multifunctional nature [12,13,14]. The history of irrigation in these territories is inseparable from that of land management, and every change in the gravity-fed surface irrigation systems, even in a small area, can affect the hydrologic balance and agro-ecosystem characteristics on a large scale [15,16]. The neoclassical concept of irrigation efficiency (based on supply efficiency only) has been replaced by a modern formulation called “effective efficiency” of irrigation [17,18,19], which includes the abovementioned hydrological issues as well as environmental and ecological interactions.



In light of these considerations, it is important to promote monitoring activities for accurately quantifying agro-environmental variables from climatic parameters to evaluate the flow into the irrigation canals (from the main canals to distribution ditches). In fact, the lack of data about the flow in rural canals is a central issue in planning and decision-making processes for the development of suitable water resource management strategies at the basin level [20,21,22,23]. This problem could also be exacerbated by an increase in the total global water withdrawals for irrigation, which are projected to increase by 10% by 2050 [24]. Strong competition between the irrigation water resources, energy, agriculture and food are looming, with unpredictable impacts on livelihoods and the environment [25]. Thus, cross-sectoral actions such as those oriented by the Water-Energy-Food Security nexus [26] or Water-Food-Energy-Ecosystem nexus [27] will also affect future irrigation system projects and water allocations to promote more efficient water distribution and prevent waste.



This study analyzed the characteristics and the importance of the gravity-fed surface irrigation systems in four irrigation districts belonging to three states in southern Europe (the Est Ticino-Villoresi districts in Italy, the Baix Ter and the Urgell districts in Spain, and the Lis Valley district in Portugal). The prospects and difficulties around the possibility of improving the irrigation throughout these systems as well as their management and governance are compared and discussed. We argue that this study may form the basis for a discussion on the recommended improvements on gravity-fed surface irrigation systems that would preserve their agricultural heritage and continue to provide environmental benefits.




2. European Policies and Guidelines


Gravity-fed surface irrigation systems remain the most common type of infrastructure for crop and pasture irrigation worldwide due to their low cost and low energy requirements [1]. However, these systems often use very high amounts of water to satisfy the irrigation requirements of the crops and are thought to be inherently inefficient [28]. Thus, in response to increasing conflicts among different water users and the need to safeguard the availability of water resources, many important policies have been introduced to reduce water wastage in agriculture settings and to promote the transformation of traditional irrigation systems into pressurized ones, which are often based on drip irrigation [29]. In Spain, with the modernization of the irrigation systems over the period of 2005–2015, the area under pressurized irrigation has increased by approximately 563,000 ha (87% with drip irrigation), while surface irrigation has been reduced to approximately 215,000 ha [30]. From 1990 to 2007, these policies have helped achieve an estimated increase of 15% in irrigation water use efficiency, but this came with an increase in the energy consumption per hectare of irrigated land by a factor of 8 and of the energy consumption per cubic meter of water by a factor of 10 [31]. This, in combination with the noticeable increase in the electricity price in recent years, has produced a certain alarm. In this context, some new pressurized irrigation facilities built with modern technology are not functioning due to high energy costs that render them non-profitable. Alarcon et al. [32] warns that some actions aimed at increasing irrigation efficiency may incur meager savings of water at a high cost and that many environmental impacts on the landscape are often underestimated.



The management of water resources is a particularly challenging and difficult task, in which complexities inherent to the hydrological cycle and biological systems are combined with the multiple perspectives, needs, values and concerns associated with the use of water for human activities [33]. Accordingly, the need for a more sustainable and integrated approach to manage water resources in Europe is reflected not only in water-related legislation but also in social policies [34,35]. The Water Framework Directive (WFD) and more recent policies that are closely related to the EU 2020 strategies highlight the fact that improving water resource management for irrigation is one of the primary regional challenges, with strong socio-economic implications [36]. Indeed, Europe recognizes that there is an urgent need to enhance the knowledge of irrigation consumption and to develop systems for increasing the delivery efficiency and regulating water flow at the field and irrigation canal scales, respectively (DM 15/07/2015 No. 213, 2015). EU policy frameworks place great expectations on new technologies to improve water efficiency [37]. The European Commission emphasizes that technological innovation in the field of irrigation will be an increasingly important factor contributing to the competitiveness of small and medium enterprises that operate in this sector [38]. According to the European Parliament, solutions should be found in “clean technologies” that facilitate the efficient use of water without requiring non-renewable energies [39]. As reported in [40], water-efficient irrigation, irrigation on demand, and irrigation using brackish water are technologies that will enable the better management of scarce freshwater resources [41]. Technological developments for irrigation processes will encompass sensors and communication devices, intelligent watering systems and high-efficiency delivery mechanisms for water and nutrients as well as a method for incorporating all of these elements into irrigation “packages” [36]. Similarly, irrigation water efficiency can be enhanced by improvements in the use of current installations and/or by adopting new equipment that is economically supported by funds from the European Agricultural Fund for Rural Development [42]. These funds are specifically intended to be used for the development of more efficient irrigation systems at the farm and irrigation district scales using new technologies (e.g., soil moisture and canopy sensors) that better match irrigation with crop water requirements. These developments towards increased sustainability in agriculture also encourage good agricultural practices, such as conservation tillage, restoration of groundwater and the correct management of fertilizers [43].



As highlighted in the [44] report, the improvement of water-use efficiency and productivity depends on the introduction of better agricultural practices in synergy with new irrigation management systems. In fact, the efficiency of an irrigation system is determined more by system management than by any inherent characteristic of the system [45]. Improperly managed “hi-tech” irrigation systems can also be wasteful and unproductive, and they can cause damage to the ecosystem as well as investment losses to farmers.




3. Case Studies


Many Southern European countries have vast experience in the use of scarce and degraded natural resources, such as water and land. The rural mosaic of these areas is based on a combination of traditional irrigation systems and areas with extensive agrarian dynamism characterized by modern irrigation projects that have been promoted in accordance with criteria for water efficiency and food security [46]. Countries such as Spain, Portugal and Italy largely symbolize the dominance of water resources in any economic activity in these territories [47]. In such contexts, hydraulic constructions have played a central role in the attempt to control water in the agrarian plains, leading to the development of remarkable irrigation systems [48]. Consequently, the construction of irrigation canals has played a fundamental role in the management of natural and productive resources, land reclamation and ecosystem conservation [49].



In the following sections, we briefly discuss the characteristics and peculiarities of four rural irrigation consortia in Mediterranean Europe (Figure 1), with the aim of analyzing the prospects and difficulties of improving gravity-fed surface irrigation systems in these contexts.



3.1. The Est Ticino-Villoresi District


The Est Ticino-Villoresi district is located in the heart of the Padana plain and is the second largest irrigation district in Italy, supplying irrigation water to approximately 115,000 ha. The entire study area is characterized by a high number of small land-holdings with intensive, livestock-oriented practices. The main crops are maize and rice (in descending order). Maize is generally intended as food for livestock, while rice is generally sold at market. The pedo-climatic conditions are favorable for extensive cropping, but farming is strongly dependent on irrigation due to the high water requirements of these crops. By studying twelve years of meteorological data (from 1993 to 2013) from 10 agro-meteorological stations located in the district, Cesari de Maria et al. [2] found that during the agricultural season (April to September), the average temperature was approximately 20.2 °C, while the total rainfall was approximately 360 mm, with marked variability from year to year. The relative humidity was always high (>80%) and implies the presence of foggy months during the winter and hot and muggy months in the summer. During the irrigation period (June to September), the average daily reference evapotranspiration values (calculated based on the FAO Penman–Monteith equation by [50]) for the months of June, July, August and September were 4.7, 4.6, 4.0 and 2.8 mm·day−1, respectively. The traditional irrigation techniques for the two crops consist of furrow irrigation for maize and flood irrigation for rice, with water depths from 5 to 20 cm from just prior to seeding (generally occurring in May) to approximately 3 weeks before harvesting (generally occurring in September) for rice.



Approximately 400 m3·s−1 water is conveyed by gravity to all district areas by five main artificial canals that divert water from the Ticino and Adda rivers (the main two tributaries of the Po river). The Naviglio Grande, located in the western part of the district, is the oldest canal, dating back to the XIII century. It conveys a flow of approximately 64 m3·s−1 from the Sommo Lombardo (a city close to the outlet of Lake Maggiore) to Milan, where its residual flow gives rise to the Naviglio Bereguardo (with an average flow of 5 m3·s−1) and the Naviglio Pavese (with an average flow of 10 m3·s−1). The latter was finished at the beginning of the XIX century to provide a navigable link from Milan to Pavia and then from the Po river to the Ticino river. It is also the main canal for supplying irrigation to the fertile lands south of Milan. The Naviglio Martesana, located in the eastern part of the Est-Ticino Villoresi district, was completed at the end of the XV century. In this district, it is the only canal originating from the Adda river, from which it diverts an average rate of 25 m3·s−1. Finally, the Villoresi Canal is the most recent. It was built at the end of the XIX century to supply irrigation water to the lands of the North part of Milan, diverting an average of 50 m3·s−1 from the Ticino river (Figure 2).



From these main five canals, the water is conveyed to the individual fields through a dense network of unlined open canals that have a combined total length of more than 5000 km. The management of the main canals and of most of the irrigation network is entrusted to the Est Ticino Villoresi Consortium, which was established at the end of the XX century and represents the last heir of a long chain of historical Consortia. Along the canals (from main canals to tertiary ditches), the flow regulation is entrusted by Consortium workers who manually open and close weirs and gates to supply the correct amount of water to all areas of the irrigation district. The water supplied to the farms typically has a weekly rotation. The water delivery efficiency of the irrigation network (from the diversion point to the farm) is quite low, with an amount of seepage along the canals ranging from 5% to 40%. However, these seepages are essential for groundwater recharge and for maintaining the natural equilibrium of the hydrological cycle.



From a hydrological perspective, the district is characterized by a strong interaction between groundwater and surface water. The water table of the unconfined aquifer ranges from a few meters to 30–50 m from the ground level, with a strong variability from zone to zone. In the district, more than 200 springs are in operation and supply water for irrigation to most of the rural areas. In many cases, groundwater directly supplies water for the irrigation of downstream fields and preserves the Minimum Flow Level in the rivers.



The irrigation network is strongly integrated into the urban fabric of the Milan metropolis, thus playing a scenic role in addition to its hydraulic function. It also represents an important historical heritage and is widely used for recreational purposes. For example, the Canale Villoresi represents a blue-green corridor between the Ticino and Adda rivers and has been enhanced through a series of projects aimed to increase cycle-tourism and light-draft boat navigability.



The lack of flow measures in the network canals makes it difficult to assess water balances on different spatial scales and control water use efficiency. Only the main canals and some secondary ditches are monitored daily by Consortium workers, who read the water level gauge inside the hydraulic structures. Modern flow meter devices have been installed only at a few points, and in these points the measure of the flow is continuous.




3.2. The Baix Ter Irrigation District


The Baix Ter irrigation district is located in the north-eastern region of Catalonia (Spain) and is part of the internal basins of Catalonia region (Figure 3). The water administration (planning, management and control) of this area falls under the exclusive jurisdiction of the Autonomous Community of Catalonia through the Catalan Water Agency.



The Baix Ter is an alluvial plain that represents the main agricultural area of the internal basins of the Catalonia region. The total water demand for different uses in this area is approximately 100 hm3 per year, of which 70% is used to meet the water requirements of major crops, mainly summer cereals (maize and rice), fresh fruit (apple trees), fodder (lucerne and ryegrass), poplars and nurseries of ornamental ligneous plants (Figure 3). The irrigation water comes mainly from surface water catchments through dams constructed along the river and to a lesser extent from wells (approximately 800), which use water from the low Ter aquifer.



Several circumstances related to the management of water resources in the Baix Ter area must be considered. The first is competition for water use. The area has a Mediterranean climate, characterized by important variations in water availability. The water is needed not only for agriculture; a huge amount is also transferred from the Ter River towards the Barcelona metropolitan area (8 m3·s−1) for urban and industrial uses, which currently use 70% of the flow rate of the Ter River and take priority when there are water restrictions. The recreational uses of this water are also very important since the Baix Ter area is included in the Costa Brava, which is important for tourism and is therefore of significant economic interest (approximately one third of the economic value generated by tourism for all of Catalonia). This is especially true during the summer period, when the agricultural water demand is the highest. A second consideration is that this area is located over the Baix Ter aquifer, with an extension of 165 km2 and is at risk of contravening the limits set by the EU Water Framework Directive due to its high concentrations of chlorides, nitrates and sulfates at specific locations. There are also reductions in the groundwater levels in different locations and a risk of seawater intrusion into the coastal areas. A third consideration is the high environmental and landscape importance both for the tourism interest in the area as well as from inclusion in the Montgrí, Illes Medes and Baix Ter Natural Park, which is considered an area of special environmental protection by the Autonomous Government of Catalonia. The multifunctional role of the irrigation canals of the Baix Ter district has been highlighted by [51,52].



The irrigators of the Baix Ter area are organized into four Irrigation Communities (Sèquia Vinyals; Sèquia Cervià de Ter, Sant Jordi Desvalls i Colomers; Presa de Colomers Marge Esquerre del Riu Ter; Reg del Molí de Pals) and grouped into the Catalan Association of Irrigation Communities. The Irrigation Communities are public law corporations attached to the basin organizations. The irrigation district of the Baix Ter occupies approximately 10,000 ha and consists of approximately 2800 tax irrigators, of which approximately one quarter are professional farmers. The water uptake from the Ter River is conveyed to a system of canals and gravity ducts, which distribute water to the plots. The total length of the primary canals is approximately 120 km. In some communities, the water concession ranges from 0.8 to 5 m3·s−1 throughout the year, while in other communities it varies depending on the month. The channels date from several centuries ago and were originally earthen constructions with irregular sections or with dry stone masonry. In recent years, the Department of Agriculture of the Catalonian Government has planned and executed important improvement works in the irrigation network, which are basically the concrete lining of the channels or the piping canals. These are only partial actions aiming to reduce water loss along the distribution network. The investments have been partially subsidized due to their high costs.



The irrigation system in the Baix Ter district is mostly located along the surface, despite governmental economic policies promoting the transformation to pressurized irrigation, especially drip irrigation (DOGC, Num. 6947, 1 September 2015, Ordre ARP (270/2015)). The behavior of the farmers and Irrigation Communities can be primarily explained because surface irrigation is supposed to be a low cost to the farmer in terms of installation, with zero energy requirements. In the future, the coexistence of surface and pressurized irrigation systems in this area is predicted.



The type of water tariff paid by the farmers is for the irrigable surface area and is slightly variable according to the irrigation district, ranging from 120 to 160 €·ha−1·year−1 (excluding the fee for improvement works). Assuming an irrigation amount of 7000 m3·ha−1, the price is equivalent to 0.017–0.023 €·m−3. In the irrigation districts with earthen canals, 60% of the fee goes towards clearing vegetation from the channels and cleaning the beds. Usually, the water is distributed on demand, although in shortage periods it is distributed on rotation. All the moving elements of the channels are governed manually.



In the context of the geographical area (with a high competency for the inter-sectoral water use, and some periods of insufficient supply), the main concern of the irrigators is to have a guaranteed water supply. The request of the irrigators and broad social sectors at the Water Administration has resulted in a greater flow rate of the Ter River, reducing the water transfer to Barcelona metropolitan area. The implantation of markets for irrigation water in this irrigation area would guarantee the optimal reassignment of the resource during low-water periods to prevent conflicts; however, the irrigators would not accept this new tool and its associated transaction costs [53].



The Irrigation Communities are facing several problems. (i) There is a lack of knowledge regarding the irrigation water needs and discharge rates required by different crops due to the lack of technology and appropriate metering systems. This fact does not encourage irrigators to make the best use of their allocated water; (ii) The hydraulic infrastructure is based on existing manual controls and is managed only by pre-established schedules that do not allow for adjustment of the water plot deliveries to the changing irrigation requirements. Therefore, it would be necessary to have real-time and continuous control of the water levels in the canals in order to obtain optimal deliveries improving, thus, distribution and application efficiencies up to the field scale; (iii) It is challenging to operate a hydraulic control system based on a manual system that also produces losses of water and overflows within the hydraulic network; (iv) It is difficult to manage the irrigation plots. The lack of technical criteria to define input flow rates and cutting times on the plot scale affects not only the achieved efficiency in the field but also the optimal alterations to the main and secondary channels. An example of the potential that can be achieved under surface irrigation can be illustrated by the irrigation distribution uniformity of the low quarter and efficiency application achieving of 88 and 93%, respectively, as reported by Arbat et al. [54] in a commercial furrow irrigated ornamental orchard in the Sèquia Vinyals; (v) The price the irrigators pay for the water is not consistent with the pricing policy set forth in the EU Water Framework Directive. The progressive adaptation of pricing is expected to happen and will be important for consideration.



Consequently, improving the efficiency of the surface irrigation in the Baix Ter irrigation district should be approached with the dual aims of improving the irrigation channel control and improving the irrigation at the field scale. The required technology is based on the control and automation from the plot supply to the main and secondary channels, thus solving several problems that the Irrigation Communities of the Baix Ter area are currently facing, giving them the right tools and considering economic criteria to achieve a good return on their investment. The surface irrigation system is deeply rooted in the culture and customs of the irrigator of the Baix Ter region. It is the most sustainable irrigation system, given both its lack of an operational energy consumption and its effects on life-cycle assessment of materials and carbon footprint. Furthermore, this system is fully integrated into the landscape in an attractive way. These values are particularly interesting in an area such as the Baix Ter, which is a strategic area in terms of the tourism and recreation economies.




3.3. Urgell District


The Segre River originates in the Pyrenees mountain range and passes through the central valley of Catalonia (NE Spain), ultimately flowing into the Ebro river. The irrigation district of the Urgell canal is located in this depression (Figure 4). The irrigation area is served by two main canals and four secondary canals, which supply a total area of 70,000 ha. The main water use is agriculture, but this waterway also provides urban, livestock, industrial and environmental supplies. Alfalfa, cereals, and fruits are grown. Surface irrigation is mainly used (92%), but drip and sprinkler irrigation is also used to a lesser extent.



The main canal was built in 1861, but most of the irrigation network has been modified. Most main canals (191 km), secondary canals (102 km) and tertiary canals have all been lined, although a few stretches remain unlined given their historical and scenic interest. Recent studies [55] have shown that the conveyance efficiency of the main canals considering evaporation and seepage losses is 94%. When considering operation losses, this efficiency decreases to 86%, indicating that operations could be improved.



The water users association is currently increasing the canal height, which would allow for a higher water capacity as well as automation. The network has several remotely controlled gates. The irrigation network is organized in rotation, with the ability to distinguish two types of zones: one in which regulating reservoirs have been built, without the need to irrigate at night, and another that represents 40% of the irrigation area, which must be irrigated at night. The latter system translates into an inconvenience for farmers and a decrease in water efficiency. A possible improvement in this area would be to automate irrigation.



Irrigation assessments have been completed [56]. These suggest that efficiency is closely related to the soil characteristics. In soils developed on thin detrital materials, irrigation efficiencies typically range between 65% and 85%, while in soils developed on gravels with high infiltration rates, the efficiencies are between 20% and 40%.



Before 2000, Segre river regulation was quite low to assure an adequate supply to the irrigation area, resulting in many years of shortage. For this reason, small weirs were built in drainage ditches in the lower irrigation area to derive this excess water from the highlands. This factor increases the overall efficiency.



Inside the irrigation area, there is an endorheic basin. This basin contains a swamp that has grown after the construction of the canal due to surplus irrigation water, becoming a 200 ha swamp with abundant wildlife and fishing. In 1951, they drained the swamp to allocate more land for agriculture. However, in 2005, it was decided to recover it to restore its ecological and landscape functions and make it a tourist resource for the area. Presently, the canal provides the same amount of water as agricultural land.




3.4. Lis Valley District


The Lis Valley district, from the Lis Valley Irrigation Project, is a small yet important agricultural area of the Center of Portugal, with a total area of 2000 ha managed by the Lis Water Users Association (Figure 5). Its irrigation and drainage system dates back to 1957. An annual average of approximately 7.1 million m3 of water is used to grow corn grain, rice, and horticultural crops as well as for orchards, meadows and forage.



The water supply to the open channels conveyance network relies on weirs installed along the Lis River and tributaries. In the dry season, it also uses water pumped from drainage ditches. The irrigation network comprises 17 weirs, two of which are modern and automatic structures. The length of the primary irrigation network is 44.5 km; the secondary irrigation network consists of 180 km of small lined or earthen channels. In terms of water distribution, the most important problems are the water shortage and poor water quality in the summer (dry) period, and the absence of automation mechanisms to control water levels in the network channels, leading to malfunctions. Furthermore, there is not a monitoring system in the distribution network to support its efficient operation. At the on-farm level, there is a need to further develop the irrigation systems by improving the land levelling and the use of water distribution equipment to accurately control the inflow rates. Presently, the national government is planning for the rehabilitation of a significant part of the water distribution network that will reduce the water losses in the channels and simplify their management. It will also allow for increases in the cultivation of more profitable crops, namely, nurseries and horticultural crops. However, the study of different options for the automation of this network is of particular relevance to achieve optimized solutions of water distribution that better integrate farm irrigation.



Challenges in developing surface irrigation at the levels of off-farm (responsibility of the water users associations) and on-farm (responsibility of the individual farmers) distribution networks include improving several factors: (i) the quality of hydraulic infrastructures to reduce water losses and control flow more accurately by installing automatic control equipment in the networks; (ii) the management of collective networks through the implementation of operational plans to adjust the demand for water in each irrigation season with the corresponding distribution, which requires the integration of diverse information in real time; (iii) system design quality related to the maintenance of the land leveling at the field plot scale; (iv) irrigation control and allocation through monitoring of soil saturation and vegetation in addition to the adjustment of application times, feed rates, and required allocations; (v) water application control using automated systems to optimize application efficiency and reduce hand labour consumption; and (vi) the re-use of excess flow at the downstream end of irrigated fields.





4. General Issues That Emerge from the Case Studies


Analysis of the case studies has identified several water resource management issues that need to be taken into account for the improved implementation of gravity-fed surface irrigation practices and techniques in the future. (i) The high level of competition for water among agricultural, civil and industrial users, especially where rural areas are included in or strongly connected to the urban fabric is one such issue; as is (ii) the importance of environmental and recreational uses of water. For example, some agricultural areas—such as Baix Ter, which is included in the Costa Brava area—are included in regions with a high level of tourism and economic interest, especially during the summer when the water demand for agriculture is at its highest); (iii) The role of aquifer recharge due to irrigation in preventing the risks of seawater intrusion in coastal aquifers should also be considered; as well as (iv) the low efficiency in water conveyance and distribution due to the often precarious control of the infrastructure and a lack of flow regulation flexibility; (v) Irrigation scheduling decision support services that provide the farmer with information about “when” and “how much” irrigation are also lacking. In particular, specific problems that occur in study areas are (i) the lack of knowledge of crop water requirements as well as the delivered water volumes at the single farm or irrigation district scales (due in many cases to the absence of appropriate metering systems); (ii) the limitations of the existing hydraulic infrastructure based on manual controls and managed according to pre-established seasonal schedules that do not allow for shorter-term adjustments to the changing irrigation requirements; and (iii) the unmeasured seepage losses from the canal network.



Reasons for These Limitations


The lack of technically sound criteria to define the correct flow rate and cutting time of the gates strongly affects the water use efficiency at the field scale and the water delivery efficiency at the canal scale. Rijo and Almeida [57] showed that conveyance efficiencies for automatic systems of flow regulation, developed in the context of the Sorraia Irrigation project (Portugal), were more than 80% during the irrigation period. In contrast, Koech et al. [58] reported that the application of automatic gate irrigation systems in furrow-irrigated cotton fields in Australia has led to an application efficiency of up to 90%. It follows that the problem of increasing the efficiency of gravity-fed surface irrigation systems should be approached with two synergic objectives: improving the control of flow in the irrigation canals (district scale) and improving the water application at the field scale (farm scale). Although researchers have developed new devices and practical scheduling procedures to improve gravity-fed surface irrigation systems over the last decade [59,60], the adoption of these devices and procedures has been limited for many reasons.



At the farm scale, the issue most frequently mentioned by growers is the lack of financial benefits for changing their current practices, which they consider to be adequate. In many cases, the initial investment to modernize the traditional pattern of gravity-fed surface irrigation systems with automatic and remote-controlled devices is about the same investment necessary to adopt a pressurized system for irrigation. Moreover, in contexts such as Northern Italy, where extensive cultivation is mainly intended for livestock food and connected to the milk production economy, this conversion is not profitable. Therefore, future gravity-fed surface irrigation technologies should merge net farmer incomes with water efficiency and productivity so that the farmers will be persuaded to adopt these new technologies for their own economic interests while increasing irrigation efficiency. Using a financial approach to incentivize increases in water efficiency rather than an engineering one appears to be prudent when assessing irrigation performance at the farm level because any managerial (e.g., scheduling) and operational (e.g., equipment) inefficiencies associated with irrigation are implicitly included in the assessment of profits [60]. In fact, given that the current gravity-fed surface irrigation systems are mainly manually managed, such inefficiencies lead to an amplification of the time and labor costs required for irrigation, which must be subtracted from the yielded profits.



Another factor strongly limiting the modernization of the gravity-fed surface irrigation systems is the perception that farmers have about the efficient use of water for irrigation. In Knox et al. [60], the questionnaire answered by growers belonging to eight samples of farmers in eastern England showed that most of the growers surveyed (63%) considered “irrigation efficiency” to be best defined as “applying the right amount of water at the right time in the right place”. A quarter of the respondents interpreted irrigation efficiency as “maximizing the value of the water applied (Money/Volume)” and 13% as “improving production per unit of water applied (Yield weight/Volume)”. The definitions relating to irrigation water use efficiency, including “improving the yield from the same amount of water” and “maximizing the proportion of water used by the plant”, were not selected by any farmers. In Mediterranean contexts, this problem is exacerbated by the lack of farmer knowledge about crop water requirements and the insufficient presence of organizations (either governmental or commercial) to provide irrigation scheduling advice for farmers that adopt gravity-fed irrigation methods. Although some research on the development of irrigation decision support systems has been funded by EU in the last 10 years [61], it has not always succeeded in converting research outputs into marketable products and commercial success stories. Research activities are often more research-driven than farmer-driven, and only two projects of the 10 quoted in the work of Giannakis et al. [59] had developed a business plan to commercialize their research innovation.



Lastly, the human capital characteristics of the farm populations play a prominent role in the adoption of new irrigation management tools and technologies for gravity-fed irrigation systems. Lichtenberg et al. [62] found that farmers with a higher level of education are more likely to adopt sensor network irrigation technologies. In particular, farmers with a high school education are 23% less likely to adopt the new irrigation technology compared to those with a post-secondary degree. Genius et al. [63] recorded similar findings, i.e., farmers with a higher educational level (more than 9 years) are more likely to adopt new irrigation technology. Genius et al. [63] found also that farmers up to 60 years old are more likely to adopt new technology than farmers older than 60 years, highlighting the short planning horizon of the older farmers. However, in the Mediterranean European countries, approximately 57% of farmers are older than 55 years old; in Portugal, Italy and Spain, these percentages are 71%, 61% and 55%, respectively [59]. In this context, farmers exhibit substantial risk aversion and are skeptical of adopting new technologies. This uncertainty can be alleviated through on-farm testing and demonstrations, farmer-to-farmer communication and the active involvement of farmer advisory systems [61].



At the district scale, the irrigation water delivery by gravity-fed surface irrigation systems is not usually measured or is often not measured accurately, particularly at the secondary and tertiary levels. In addition, the flow rates at the intake of the delivery canals are not routinely recorded. The reasons for these failings are mainly due to the complexity that the gravity-fed surface irrigation system networks have developed over the centuries. Many canals have a mixed use and are important for both the delivery and drainage of water from the fields. In several cases, this network is convoluted and abstruse.



The lack of water measurements and poor quality of district records discourage the irrigation Consortium and Association from the implementation of new irrigation technologies that aim to improve water conveyance efficiency and resource allocation [64]. Moreover, the lack of methodologies for assessing the water delivery performance of the open irrigation canals makes the quantification of the gap between the potential and actual performance of these irrigation systems challenging [65].





5. What Can We Do?


5.1. Technical Advice


To address the problems described above, we believe that a practicable requalification of gravity-fed surface irrigation systems in the context of rural Mediterranean Europe could be achieved through strategies that evolve from trinomial Measure-Model-Management (M3). In the following, we try to explain this concept in light of the literature results obtained in different world contexts.



Measuring facilitates the analysis of gravity-fed irrigation delivery systems in terms of adequacy, efficiency, dependability, and equity of water delivery [66]. The measures could provide a quantitative assessment not only of the overall irrigation system performance but also of the contributions to the total performance from the structural and management components of the system. For example, in the works of [67,68,69], the adequacy, efficiency, dependability, and equity indexes of open canals in Mali, Turkey and Egypt ranged from 0.20 to 0.90, demonstrating the high possibility of improving the performances of the delivery systems adopting automated and remote-controlled operational procedures. Despite this, many studies on the possibility of assessing the water delivery performance of gravity-fed irrigation systems are present in the literature in the rural contexts of the United States of America, Africa and Southeast Asia [64,70], whereas no research has currently been completed by authors in Mediterranean European contexts. This is due to the lack of flow measures and the necessity of building hydraulic structures for reliably measurements. However, modern technologies that are based on optical sensors and on open-hardware devices could be suitable for the continuous and real-time control of flows in complex situations or open-unlined irrigation canals [71,72,73]. The work of Luthi et al. [74] on a smartphone application that calculates the flow by analyzing a few seconds of a movie sequence that is recorded by the operator on-site is a good example of such research. The flow is calculated based on measurements of the water level, the surface velocity obtained from Particle Image Velocimetry (PIV) technique and a priori knowledge on the canal geometry. In Mediterranean Europe, this application could have several advantages, such as reducing the work time of Consortium workers to take measurements and improving the ease of data collection, which could simply be sent via SMS to a dedicated database.



Models can be subdivided into three main categories. The first category focuses on the hydraulic analysis of irrigation canal flow networks, while the second aims to assess crop water requirements at farm and district scales. The third category uses decision support systems for scheduling irrigation. The first two typologies of the models could be considered for the reasonable operation and planning with optimized irrigation and water allocation. For example, the study by Kim et al. [75] carried out in a paddy district of South Korea showed the good performance (in terms of calibration and validation) of the combined hydraulic-hydrologic Storm Water Management Model (SWMM) for providing hydraulic analysis of the irrigation network and water balance in the fields. In Mediterranean European contexts, this model could assist in promoting accurate irrigation scheduling on the district scale based on crop water requirements as well as optimizing the distribution of water in the irrigation network through sluice gate control. In addition, conjunctive modelling based on hydrological-economic features could investigate the interdependencies between gravity-fed surface irrigation systems, the district water balance and the economic impact of new irrigation decision strategies [5]. Simulations and scenarios of the optimized irrigation scheduling and water allocations could be produced, thus improving the irrigation planning processes from the farm to the district scale [76].



We believe that for a fast feedback effect on Mediterranean European rural territories of the M3 approach, the gravity-fed surface irrigation systems should be equipped with automatic and remote-controlled gates whenever possible as well as flow meters for the continuous measurement of the irrigation flow both in the canals and into the fields.



At the farm scale, Australian experiences in the cotton fields have shown that the application of these automatic systems leads to the maximization of the application and distribution uniformity efficiencies (>85%), ensuring that the water reaches the end of the field with a uniform level in all points of the field [58]. Currently, only two experiments are running in Spain and Italy for providing the crop water requirements using automatic and remote controlled prototypes of bay-gates. In Spain, automatic furrow irrigation is tested on maize and grass using soil humidity probes at different depths in the field as the control of crop water needs (Figure 6a), while in Italy, automatic sluices governed by water level sensors in the field maintain the correct flood state of flood in the paddy field, as shown in Figure 6b [77].



At the district scale, the overview provided by Oakes et al. [78] on the collective experience gained over the last 20 years in the development and application of automation technology to the open channel irrigation sector, primarily in Australia but more recently in the USA, China, New Zealand, India, Vietnam, France and Italy, highlighted that the automation and remote control of gravity irrigation systems will be useful for improving the productivity of irrigated agriculture to reach food production goals over the next several years. However, they suggest that the key success factor for the modernization of the gravity-fed irrigation systems is a smooth transition to an automated irrigation system, implementing sound education/information/training programs for both the consortium staff and customers in the use and maintenance of these systems.




5.2. Economic Advice


The European Agricultural Fund for Rural Development supports investments in irrigation scheduling infrastructure to provide economic and environmental benefits. Several measures can be used for the protection and maintenance of water resources in agriculture, namely, measure 6.1.01 (for the realization and modernization of agricultural holdings), measure 7.6.01 (for infrastructure related to the development and adaptation of agriculture and forestry), measure 1.2.01 (for the vocational training and information actions), measures 10 and 16 (for agri-environment payments and cooperation), and measure 4.4.02 (for non-productive investments for irrigation management). In total, approximately 50% of the budgets of Rural Development Programmes in EU member states has been allocated to measures that relate to a certain or limited extent to water for the 2014–2020 period.




5.3. Reviving Interest in Gravity-Fed Surface Irrigation Systems


Finding solutions that safeguard the gravity-fed surface irrigation systems is necessary to maintain the environmental and ecological equilibrium of rural areas in Southern Europe and to preserve the cultural heritage of these irrigation systems. The multi-functional characteristics of the gravity-fed surface irrigation systems (Figure 7) could be safeguarded by the conservation and revitalization of these systems driven by historic, ethnological, educational, ecological and environmental interests [79,80]. Two major directions could serve as the foundation for future revival initiatives. On the one hand, the focus could be on the preservation of gravity-fed surface irrigation systems themselves as an agro-cultural heritage [81,82]. On the other hand, the focus could be on the nature conservation benefits that result from these systems [83,84].



In the first case, the traditional structure and networks of gravity-fed surface irrigation systems could be considered as an “eco-museum”, in which their complexity and ancient origin could be investigated through historical and landscape studies and possibly explained in situ during educational visits. In fact, the risk of a potential demise of traditional gravity-fed surface irrigation systems is equivalent to the loss of traditional knowledge. Gravity-fed surface irrigation is a typical skill-oriented technology [85]. Currently, gravity-fed surface irrigation practitioners are able to combine their rich hands-on experience with the local traditional knowledge. Their skills may be implemented into the new automatic gravity-fed surface irrigation systems with specific irrigation scheduling management tools according to the crop requirements and agronomic practices.



In the second case, the nature conservation benefits of the gravity-fed surface irrigation systems have been widely demonstrated in the case study areas, where the centuries-long development of this type of irrigation system has contributed to the development of their characteristic agro-natural environment [86,87]. For example, the prolonged presence and circulation of water due to the surface irrigation of paddy fields from sowing to harvest represents a distinguishing feature of some of these irrigated areas (e.g., in parts of the Northern Italy plains and in the Baix Ter irrigation districts) that has been included in the European ecological network NATURA 2000 and is on the official list of the European Special Protected Areas.



In addition to heritage preservation and nature conservation, additional environmental factors have emerged as driving forces for the preservation and restoration of gravity-fed surface irrigation systems, although the integrated landscape-ecological consequences of these systems require further research [88,89]. As highlighted in the previous paragraphs, gravity-fed surface irrigation schemes are thought to be generally of low water use efficiency or even to be “wasteful”. To establish whether an irrigation technique is efficient for a specific territory, it is necessary to quantify the water availability and the irrigation water demand for that area and then to evaluate the efficiency of the irrigation systems. However, the irrigation efficiency should be evaluated using a larger-scale approach (from the irrigation district to the basin), considering not only the hydraulic efficiency but also the secondary benefits [90]. Such secondary benefits range from recreational features, including the picturesque rural roads bordering the canals, to ecological functions, including the preservation of the traditional fauna and flora of the rural landscape. These factors improve the multi-functional character of the gravity-fed surface irrigation systems. In a case study in northern Portugal, Van den Dries and Portela [86] demonstrated how the conversion of a gravity-fed surface irrigation system into a pressurized system has paradoxically provoked a reduction in the deliveries at the farm level. In gravity-fed surface irrigation systems, the water excess on the fields was returned to the natural downstream waterway, thus representing the new (and in many cases, the majority) input for the irrigation of the downstream farms. These ‘losses’, which are generally due to drainage or percolations, are important for regional aquifer recharge and for maintaining the minimum flow and level in the rivers [91]. In addition, the water ‘losses’ along the unlined water conveyance and distribution systems represent a possibility for aquifer recharge management [92]. Interestingly, a recent study by Seraphin et al. [93] found that using isotopes for tracing the contributions to the groundwater recharge of the Cru aquifer in France, showing that about 69% ± 9% of the surface recharge is caused by irrigation return flow i.e., from specific irrigation practices and the presence of unlined canals. Moreover, many assumptions suggest that the quality of water that flow in the gravity-fed surface irrigation canals is comparable with that in the feeding rivers. In the light of this consideration, the seepage of water from unlined canals, in contrast to deep percolation at the fields, preserves groundwater from the chemical contamination of agronomic treatments, pursuant to the EU directives for water pollution reductions (i.e., “nitrate directive” 91/676/CEE [94]).



Lastly, the perfect integration found between gravity-fed surface irrigation canals and urban fabric in many situations such as in Milan metropolis, confers to these irrigation systems a new important role related to a “hydraulic protection of the territory” [95]. In fact, the huge increase of impervious areas as a consequence of the urban expansion, in the last decades, has caused an unexpected increase in the frequency and intensity of flood events. In these urban contexts, where the areas for flood storage are hard to find, an alternative solution for flood risk mitigation (in addition to the green infrastructure projects) could be the rehabilitation of interconnections between sewer and irrigation canals with spillways designed for allowing rainwater to be stored into the irrigation network.





6. Conclusions


In the last decade, concerns about water scarcity have focused on the relationship between irrigation and other competing water uses. Especially in the countries of Southern Europe, where gravity-fed surface irrigation systems are the most common infrastructure type for crop and pasture irrigation, many policy guidelines have started to promote the transformation of these traditional systems into pressurized ones to avoid waste and increase the supply efficiency. However, as highlighted in this work, to face the complexity of irrigation water resource management conflicts and address the challenges in improving irrigation practices, “hard-path” approaches are not enough. In fact, case studies show that gravity-fed surface irrigation systems have important environmental and ecosystem functions in addition to their hydraulic role and are part of the cultural heritage of rural Southern Europe. Some of these benefits are connected with maintaining the riparian vegetation and habitats along the canals, recharging the groundwater supply, and providing areas for recreation activities and tourism. Thus, designing smart “soft-path” measures will be possible to increase the flexibility of the gravity-fed surface irrigation systems in response to the projected climate and changes in water availability. These designs should consider distributed and participatory irrigation managements, on-demand irrigation, low-cost and reversible infrastructural interventions, flow measures and automatic and real-time controls. A new Irrigation-Energy-Environmental-Landscape-Cultural Heritage nexus has been added to the more traditional Energy-Irrigation nexus and Food-Energy-Irrigation nexus [96], demonstrating that if the gravity-fed surface irrigation systems currently present and deeply-rooted in Mediterranean rural contexts are opportunely restored, they are preferred over “modern” systems (such as pressurized pipes) because they provide “efficiencies” in many fields beyond their hydraulic functions. In particular, in contrast to the scarce supply efficiency at the farm scale, the effective efficiency of these irrigation systems at the district or basin scale is emblematic, given their capacity to exchange water with the subsoil, reuse field runoff and feed the rivers. Hence, ecosystem functions and landscape characteristics of the rural environments are ensured, guaranteeing favorable outcomes for all agro-environmental aspects. In our opinion, a smart restoration of the gravity-fed surface irrigation system in Southern Europe areas could be obtained using the M3 approach described in Section 5.1, combining flow measures and soft infrastructural improvements with hydraulic-hydrological and decision-support models as well as matching multidisciplinary competences and water user needs. It has become increasingly clear that the analysis of irrigation system developments is necessary for managing these territories, and this requires considering the availability of natural resources to interpret the changing demands of users and address the existing and potential conflicts that will arise between consumptive and non-consumptive water uses. In conclusion, we wish that with this work, the awareness of the importance and uniqueness of some Southern Europe gravity-fed surface irrigation systems will increase. It is our hope that in the future, agricultural and environmental policies will be further safeguarded, encouraging additional research on their continued enhancement and rehabilitation.
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Figure 1. The location of the four irrigation districts. 
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Figure 2. Location of the Est Ticino-Villoresi district inside the Lombardy Region (a); and the GIS representation of a part of the dense gravity-fed surface irrigation network, which originates from the Villoresi Canal (b). 
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Figure 3. Location of the Baix Ter irrigation district and the Irrigation Communities (Catalonia, Spain). Crop distribution is also shown. 
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Figure 4. General view of the main and secondary canals of the Urgell Canal district. 
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Figure 5. Location of the Lis Valley Irrigation Project (Portugal). 
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Figure 6. Prototypes of automatic and remote controlled-gates for gravity-fed surface irrigation of grass field in Northern Spain (a) and rice field in Northern Italy (b). 
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Figure 7. Example of the multi-functionality character of the gravity-fed surface irrigation system in Northern Italy rural contexts. 
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