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Agriculture strongly relies on irrigation. While irrigated land accounts for roughly 20% of the global cultivated area, it contributes to about 40% of crop production. In the last few decades, the growing demand for agricultural commodities has translated into an increasing pressure on the global freshwater resources, often leading to their unsustainable use. Here we investigate the sustainability of irrigation, balancing farmers' profit generation objectives and the needs of ecological systems. We ask the question “sustainability of what?” to stress how the sustainability of irrigation is often evaluated with respect the opposing needs of humans and nature. While from the farmers' perspective irrigation is sustainable when it provides uninterrupted access to water resources at a price not exceeding the marginal revenue they generate (clearly without accounting for environmental externalities), from the standpoint of water resources, irrigation is sustainable if it does not deplete freshwater stocks or environmental flows. We invoke the notions of “weak” and “strong” sustainability to develop a novel framework for the evaluation of tradeoffs between human needs and the conservation of natural capital. Through the analysis of criteria of performance, we relate water deficit and irrigation overuse to the reliability and resilience of irrigation. This approach is applied to the case of Australia, a major agricultural country affected by water scarcity. The application of the framework to the case of Australia shows how this approach can be used to highlight areas in which irrigation contributes to a weakly sustainable use of water resources with impacts on environmental flows and groundwater stocks. Solutions, such as increasing efficiencies or reducing water applications through the adoption of deficit irrigation, can enhance water sustainability in some water scarce locations.
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INTRODUCTION

The economic productivity of a number of human activities depends on access to water resources (Sullivan, 2002; D'Odorico et al., 2018). With about 24% of global land area suffering from severe water scarcity (Alcamo et al., 2003), and 35% of the global population living in areas affected by water shortages (Rockström et al., 2014), economic development often occurs at the cost of overexploitation of water resources (Savenije and van der Zaag, 2002), which ultimately leads to ecosystem degradation (Sullivan, 2002).

Agriculture is a major player in the human appropriation of water resources (Green et al., 2015). About 70% of global freshwater withdrawals are used for irrigation to sustain global crop production (Rockström et al., 2017). In fact, irrigated areas account for 18% of global croplands but contribute to about 40% of global food production (Chartzoulakis and Bertaki, 2015; Food Agriculture Organization, 2019). At the same time 40% of global irrigation practices are unsustainable because they deplete environmental flows and/or groundwater stocks (Wada and Bierkens, 2014; Rosa et al., 2018). The strong coupling existing between economic and environmental needs for water resources raises important questions that are the core of the water sustainability debate: How can human appropriation of water resources sustain economic activities—e.g., agriculture—without depleting water stocks, aquatic habitats, or other ecosystem services? (D'Odorico et al., 2018; Rosa et al., 2018). In the specific context of agriculture, sustainable irrigation strategies need to allow for an increase in crop production to meet rising food needs, while ensuring that natural resources (e.g., groundwater stocks, freshwater ecosystems, and water quality) are not irreversibly depleted (Borsato et al., 2019; Rosa et al., 2019).

The terms “sustainability” is often used to indicate the management, use, and conservation of natural resources in a way that they remain available to future generations (Sands and Podmore, 2000; FAO, 2013; Borsato et al., 2018a). In more anthropocentric terms, “sustainability” is also used to indicate a condition that allows the needs of the present generation to be satisfied “without compromising the ability of future generations to meet their own needs” (FAO, 1989). According to this perspective, the focus is on human needs and not on the preservation of natural resources. Lack of recognition of the central role of natural resources and environmental endowments—also known as “natural capital”—in the definition of sustainability has led to a “weak” notion of sustainability (Solow, 1974). “Weak sustainability” corresponds to conditions that allow natural capital to be replaced by human-made capital, as long as their sum (i.e., natural + human-made) does not decrease over time (Solow, 1974; Hartwick, 1978). Thus, the total amount of endowments or assets future generations can enjoy is not less than that of their ancestors (Groenfeldt, 2019). In a weakly sustainable system, natural and human capital are interchangeable, in the sense that natural capital can be sacrificed in the process of producing human-made capital (i.e., human-made goods). For instance, crop production and the associated profits can occur at the cost of aquatic habitat destruction and groundwater depletion (Wada et al., 2010; Gerten et al., 2013; Jägermeyr et al., 2017; Rosa et al., 2018). The loss of natural capital, however, poses questions of intergenerational justice and often leads to socio-environmental systems that are vulnerable and prone to collapse because natural capital is the long-term foundation of humanity's livelihoods, while human capital may vanish (Gowdy and McDaniel, 1999; Carrão et al., 2016). In contrast, “strong sustainability,” ensures that natural capital is not replaced by human capital in the sense that it is not degraded in the process of generating human capital. Thus, the ecological and economic aspects of sustainability can be analyzed jointly through the notions of weak and strong sustainability to highlight the paradox of offsetting the cost of environmental deterioration with human (manufactured) capital (Rennings and Wiggering, 1997). Weak and strong sustainability can be evaluated as the depreciation cost of manufactured and natural capital, or as the impact of human activities on natural resources (Dietz and Neumayer, 2006).

With specific reference to irrigation, it is possible to aim for strong sustainability because water is overall a renewable resource. Of course, locally, water resources may be unrenewable, as in the case of desert regions with little rainfall inputs and substantial non-renewable groundwater stocks. In those regions, the use of groundwater is a classic example of unsustainable water use (often known as “groundwater mining”) (e.g., Konikov and Likhodedova, 2011). Sustainable irrigation needs to ensure that (1) water stocks (e.g., aquifers, rivers, or lakes) are not depleted by keeping withdrawal rates lower than those of natural replenishment; (2) withdrawals from water bodies do not lead to losses of aquatic habitat and irreversible ecosystem degradation; and (3) irrigation does not cause other forms of environmental damage (e.g., soil salinization) with associated losses of ecosystem services and functions, here collectively referred to as “natural capital” (e.g., de Perthuis and Jouvet, 2015).

Sustainability is often characterized through indicators that express the performance of an irrigation system not only in terms of its ability to deliver the water needed by agriculture with no loss of natural capital, but also from the standpoint of economic viability. Strong sustainability is achieved when irrigation does not entail the depletion of either natural or human capital (Aeschbach-Hertig and Gleeson, 2012). This means that both conditions of environmental and economic sustainability are met. The former entails that irrigation water requirement can be met while preserving environmental flows and freshwater stocks (Jägermeyr et al., 2017). Economic sustainability requires that the cost of irrigation does not exceed the value of the marginal productivity of irrigation with respect to the baseline of rainfed production.

In this context suitable indicators of sustainability could be a valid tool to evaluate the (weak and strong) sustainability of irrigation and adopt adequate policy responses (Juwana et al., 2012). Moreover, a separate analysis may be necessary for surface water bodies and aquifers to ensure that both environmental flows and groundwater stocks are not depleted (Gleeson et al., 2012; Vanham et al., 2018). As defined by the 6.4 Sustainable Development Goals, indicators of water use should account for both the inter-annual and intra-annual variability of water availability (FAO, 2015, 2018; Vanham et al., 2018). Likewise, they should be spatially explicit to account for the spatial variability of water scarcity as a result of climatic, topographic, and land use conditions (Falkenmark, 1997; Vanham et al., 2018). Moreover, natural water resources should be differentiated from surface, groundwater, and non-conventional water sources (e.g., water reuse) both for withdrawal and consumption (Vanham et al., 2018). In addition to the hydrological and environmental dimensions, it is also crucial to evaluate the social aspects and the participatory capacity of water users and their ability to adapt to changes in water availability and needs (Pahl-Wostl, 2002).

Although indicators of sustainable irrigation have been developed to express the effects of water scarcity and interannual variability (Sandoval-Solis et al., 2011; Butler et al., 2017), they are not generally used to evaluate the weak and strong sustainability of irrigation. Here we used criteria of performance based on the irrigation “water deficit” (i.e., the gap between renewable water availability and irrigation water use) to determine irrigation sustainability as the fraction of irrigation withdrawals contributing to water deficit (or “relative overuse”), the probability that in a given year no water deficit occurs (or “reliability”), and the likelihood of recovery from water deficit (or “resilience”) as three criteria of performance for sustainable irrigation (Hazbavi and Sadeghi, 2017; Park and Um, 2018). Each indicator is evaluated considering both water (or “hydrologic”) deficit and economic losses (Holling, 1973; Balaei et al., 2018). This work aims at providing a novel framework to analyse the sustainability of irrigation water use. The present framework is first introduced briefly in chapter 2.1, where, the “weak and strong sustainability paradox” is also explained, and then described in detail in chapter 2.2 where we addressed the framework to a case study.



MATERIALS AND METHODS


Sustainability Framework

We developed a framework to evaluate water sustainability based on the analysis of indicators (Table 1) expressing the overuse, reliability, and resilience of irrigation water in terms of both hydrologic (i.e., environmental) and economic impacts.


Table 1. Framework for the evaluation of water sustainability.
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From a hydrologic/environmental standpoint the deficit, dH is the difference between the volume (Ia) of irrigation water applications (withdrawn from natural sources) in a given year and the water available for irrigation in that year (AW). Overuse expresses the fraction of irrigation water applications that contributes to water resource deficit, dH (Rosa et al., 2018) or “hydrologic deficit” (Rosa et al., 2018). Reliability expresses the probability (or frequency) that in a given year irrigation will not induce a water deficit. Finally, resilience expresses the ability of the system to recover from conditions of water deficit. This may result either from year-to-year changes in precipitation (i.e., a rainy year occurring after a dry year) or from changes in crop or adoption of water saving technology (i.e., human adaptation; Borsato et al., 2018b). Despite its simplicity, the resilience indicator used in this study aims to account for temporal autocorrelation in hydrologic conditions (i.e., that it is more likely that a drought year will follow a drought year) and the ability of the system to recover from conditions of deficit (Sandoval-Solis et al., 2011).

From the environmental perspective deficit is the positive difference between water withdrawals for irrigation and the available water (AW). Water withdrawals were considered instead of water consumption, because they are of primary importance to water allocation, the evaluation of water costs paid by farmers, and, direct local impacts on Environmental Flows.
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with the available water calculated as the difference between the sum of annual runoff (RO) and deep percolation (DP) (groundwater recharge), and environmental flows (EF) as in Rosa et al. (2018):
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It is important to stress that the available water (AW) is here defined accounting for environmental flows [Equation (2)]. The total water available is considered as the sum of surface water runoff and deep percolation (i.e., groundwater recharge). The hydrologic deficit as well as the indicators of overuse, reliability, and resilience relate to the natural capital services produced by hydrological systems, and are not just based on an analysis of depletion in flow conditions per se (Sandoval-Solis et al., 2011). In other words, we are not looking at deficits in water stocks and flows, but at those deficits that harm ecosystems. Likewise, reliability is here defined in relation to the risk of deficits that negatively affect environmental health.

This analysis can be performed separately for surface water and groundwater resources. Therefore, the occurrence of hydrologic deficit corresponds to water overuse by irrigation at the expenses of environmental flows and the consequent loss of aquatic habitat. In this sense hydrologic depletion is associated with losses of natural capital. The environmental flow requirement is typically expressed as a fraction, r, of the total runoff (i.e., EF = r × RO). For annual analysis, the value of r is typically taken equal to 0.6–0.8 (Richter et al., 2012; Gerten et al., 2013).

The overuse (OH) indicator accounts for the magnitude of the hydrologic deficit (dH) with respect to the irrigation water withdrawal (I). In other words, OH is the fraction of irrigation water application that cannot be met sustainably because it exceeds water availability. It is calculated by determining the dH/I ratio for every year and then by taking the average over the study period of N years (Table 1).
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where di, and Ii are the water deficit and the irrigation water withdrawals in year i, respectively.

The reliability (Rl) indicator is the probability of years with no deficit (see Table 1). Thus, Rl is the fraction of the growing season in which irrigation water requirements are met and is expressed as:
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where H is the Heaviside function [i.e., H[di] = 1 if di > 0; H[di] = 0 otherwise].

The resilience (Rs) is the system's ability to recover from a failure (e.g., Holling, 1973).

Resilience is the probability that a year with water deficit is followed by a year with no deficit (Table 1):
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From an economic perspective, deficit dE is the positive difference between irrigation costs (Ci) and the marginal revenue (Ri) generated by irrigation (calculated as explained in section Method: Framework Application)
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The marginal revenue of irrigation is the difference between the revenues from irrigated and rainfed production. Overexpenditure (OE), the economic counterpart overuse, represents the fraction of irrigation costs that contributes to economic deficit averaged for all years in the study period. Therefore, OE is calculated as:
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Likewise, reliability, and resilience are calculated using Equations (4), and (5), with deficit expressed as in (6). In Equation (7) the economic demand is expressed as the annual irrigation costs.

When such a deficit exists, farmers are using water unsustainably and depleting natural capital. We quantified the occurrence of strong and weak sustainability conditions by comparing the overuse and overexpenditure indicators, which are good metrics for the magnitude of hydrologic and economic stress in the system. If both indicators are relatively low (e.g., <0.25) the system is strongly sustainable. However, when, OE < 0.25, while OH is large (OH > 0.25) the system is at most weakly sustainable because it is economically sustainable (from the producer's perspective and without considering environmental externalities), but the occurrence of water deficit entails the loss of environmental flows, water stocks, and natural capital. Unsustainable conditions occur when both overuse and overexpenditure are not negligible (Table 2). We stress that in this analysis weak sustainability does not assess whether the value of human-made capital generated by agricultural production exceeds the value of natural capital loss caused by the loss of environmental flows. We refrain from performing such a valuation effort because whether losses of ecosystem services and functions can even be valuated has been the focus of heated debates (i.e., the question of placing a “price tag” on nature). Indeed, the whole point of the notion of“weak sustainability” is to present a critic to the substitutability between natural and human-made capital (e.g., Jouvet and de Perthuis, 2013). We performed our analysis considering a threshold of 0.25 (first lower quartile ranking from 0 to 1), however, we recognize that decision makers might assign priority to different factors and can adjust the sustainability threshold here applied.


Table 2. The paradigm of Weak and Strong Sustainability is calculated with the following classification concerning the use of the concepts of Overuse and Overexpenditure.
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The parameters used for the deficit assessment are described further in the following sections.



Description of the Case Study

We apply this framework to the case of Australia because it is a major agricultural country and global food producer that is prone severe water scarcity (ABARES, 2018). More specifically, we evaluate to what extent water use for irrigation meets the farmers' income expectations with or without detrimental environmental consequences. Moreover, we carry out a sensitivity analysis to investigate the impact of a 25% increase in irrigation technology efficiency across the Australian continent. In addition, we investigate the sensitivity of our results to two different environmental flow scenarios. We chose Australia for our case study because it is a major crop producer in the world and a unique dataset on irrigation water consumption and associated costs is available for this country through open access sources.


Description of the Study Area

Crop production in Australia is practiced in regions with very different climate conditions ranging from subtropical in the north—where the climate is warmer with well-defined dry (winter) and wet (summer) seasons—and temperate in the south—where four distinct seasons exist, temperature contrast between winter and summer is stronger, and precipitation is more uniformly distributed throughout the year (CSIRO Bureau of Meteorology, 2015; ABARES, 2018). South-eastern Australia has a “Mediterranean” climate with most precipitation occurring in winter and spring. Moreover, Australia exhibits relatively high interannual rainfall variability. In recent years this region was affected by a major drought (the “millennium drought,” 1996–2010) followed by a period (2010–2013) with very heavy rainfall events (van Dijk et al., 2013).

The “breadbasket” of Australia is in the region of the Murray-Darlin Basin, where irrigation is used to mitigate the effects of a very variable climate (Williams, 2017). In this basin the irrigated area planted with seasonal crops exceeds the irrigated area cultivated with permanent crops. After the 2009 drought some irrigated crops were replaced with drought resistant crops such as grape or citrus (ABARES, 2018). Irrigation is for most part based on drip systems, especially in permanent crops, while most seasonal crops use surface irrigation (Sue Argus Research, 2015). Irrigation allows for the attainment of yields that are up to three to five times greater than with rainfed production (Meyer, 2005). Hence, many irrigated enterprises differ in their gross return per ha or per m3, depending on land management and investments in technology.



Data Sources

Irrigation and crop production data were taken from the database of the Australian Bureau of Statistic (ABS, 2018), which provides information on annual water withdrawals for irrigation both from surface water bodies and groundwater. Moreover, ABS provides province-level and region-level data on irrigated area, the number of farm holders practicing irrigation, the irrigation water source (surface water and/or ground water), the type of irrigation system used per unit of area (i.e., surface, sprinkler, or drip), and indicators of the cost and benefits of irrigation, including the cost of water, operation, administration, infrastructure, and equipment, and the irrigation revenue. Estimates of water availability and total evapotranspiration in irrigated areas were based on outputs from the Australian Water Availability Project model (AWAP), available from the CSIRO website (Rapauch et al., 2009). Surface water availability is determined as surface runoff minus environmental flow requirements, while the (sustainable) groundwater availability was estimated as the rate of groundwater recharge or “deep drainage.” The AWAP model is a model-data fusion based on remote sensing data assimilation (vegetation greenness and land surface temperature) and assembling weather data and discharge measurements from 200 unimpaired catchments (Rapauch et al., 2009). The model predicts soil moisture in two layers (typically to 0.2 m and from 0.2 to 1.5 m depth) and terrestrial water fluxes due to rainfall, transpiration, soil evaporation, surface runoff, and deep drainage; model prediction is therefore combined with remote sensing observations providing maps of river discharge and deep drainage (i.e., groundwater recharge) across the Australian continent using a 5 km spatial resolution and daily time resolution. The model calculates the soil water balance considering inflows as precipitation (P) and possible irrigation (I), and outflows as plant transpiration (T), soil evaporation (E), runoff (RO), and drainage to groundwater (DG) (Raupach et al., 2018). In this study the AWAP values of runoff, deep drainage, and actual evapotranspiration (ET) were used.

We analyse the sustainability of irrigation through criteria of performance, based on indicators that change in space and time. We concentrate on a 15 year period from 2002 to 2016 at the spatial resolution of the Australian Natural Resources Management regions (NRM) and territories (Figure 1).


[image: Figure 1]
FIGURE 1. Map of irrigated area (Siebert et al., 2013) within the Natural Resource Management regions (NRM) regions and territories. The table refers to the NRM regions codes on the map (ABS, 2018).




Method: Framework Application

We evaluate environmental and socio-economic sustainability of irrigation water use in agriculture using a dataset of irrigation water use and crop production that allows us to analyse effective annual costs and incomes of irrigated agriculture, while for the hydrological analyses, we rely on the output from model simulations. We consider the case of surface water and groundwater separately and calculate the hydrologic and economic deficits, dH and dE, separately for these two water sources. The monthly raster files of surface runoff (for surface water availability) and deep drainage (for groundwater availability) from the AWAP model were aggregated to the annual scale, while the monthly raster files of evapotranspiration (ET) were aggregated through the growing season. The cumulative annual values of surface runoff, deep drainage and ET were averaged within each NRM province. Equations (1) and (6) were used to calculate the hydrologic and economic deficits, dH and dE, respectively. In the case of surface water, dH considers the volume of irrigation applications I from surface water sources, while the available water (AW) is determined as the annual surface runoff, RO, minus the environmental flow requirement (EF), which is the amount of water needed to maintain ecological function in in-stream aquatic ecosystems. Here EF was taken equal to 80% of annual runoff (Richter et al., 2012; Gerten et al., 2013). In the case of irrigation from groundwater, the available water was equal to the cumulative annual deep drainage (DG), and I from groundwater sources.

The socio-economic deficit (dE) evaluates whether the cost of irrigation exceeds the net revenue generated by irrigation (see Equation 6). The ABS database provides the annual income from irrigated area and the irrigation costs (ABS, 2018). The variable irrigation costs include the cost of purchase and the cost of water access (water license), which are increasing functions of the volume I of irrigation water applications. In this analysis the fixed costs of irrigation include the operational costs, the cost of investments in infrastructures and irrigation equipment. The cost these investments was amortized on 50 and 20 years for infrastructure and equipment, respectively. The amortization period is considered the average lifetime before replacement or update (Sands et al., 1982; Pietrucha-Urbanik, 2015). In this analysis the irrigation costs differ between irrigation with surface water and groundwater only by the costs of water pricing, while the fixed costs are assumed to be about the same.

The marginal revenue from irrigation depends on the increase in crop yield afforded by irrigation with respect to the baseline of rainfed production. If Δ is the fraction of agricultural revenues contributed by irrigation (i.e., due to the increase in irrigated crop production with respect to rainfed yields) the marginal revenue of irrigation (Ri) can be calculated as a function of the total agricultural income (RT) from irrigated areas as
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The value of Δ is here estimated as the difference between irrigated and rainfed yields divided by the irrigated yield using the Doorenbos and Pruitt (1977) equation:
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where PET is potential evapotranspiration and ET is the actual evapotranspiration in the case of rainfed agriculture. Therefore, the difference between PET and ET is assumed to be the irrigation volume consumed by crops, Ic (ABS, 2018), and the equation can be written as:
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where ky is a crop-specific yield response factor. Because values of Ic and RT are provided by ABS (2018) for entire provinces or regions where multiple crops are cultivated, we are unable to estimate the marginal revenue of irrigation for individual crops. Therefore, we evaluate Ri as a regional aggregate value. To that end, we use an estimate of Δ that is not crop-specific, Thus, we adopt a value of ky that is representative of each region. Based on the crops cultivated in Australia, ky is expected to vary between 0.9 and 1. Hence, we considered an averaged ky equal to 0.95 for all crops. The ET values were taken from the output of the AWAP model and aggregated to the annual scale and integrated over the irrigated area within all the NRM territories. Irrigation water consumption, Ic, was calculated as the annual irrigation water application Ia from the ABS (2018) database times the irrigation system efficiency (IE), IC = Ia × IE. IE was calculated as the average of the IE values of the main irrigation system used in each NRM region and territories, weighed on the extent of areas in which each type of irrigation systems is used. We used a value of IE = 0.9 for drip irrigation, 0.7 for sprinkler irrigation, and 0.5 for surface irrigation (Grafton et al., 2018).





RESULTS AND DISCUSSION


Water Depletion Trend

Secondary data from the ABS archive and AWAP simulations allow us to calculate the hydrological and socio-economic deficits and investigate trends in water use for irrigation. The data summarized in Table 3 show a reduction in the number of agricultural businesses practicing irrigation between 2002 and 2017, a trend that is not consistently paralleled by a reduction in irrigated area except during the 2006–2010 drought. Indeed, the Murray-Darling Basin of Australia is pursuing a program of acquiring existing water entitlements from farmers to reduce consumptive use by 20% and restore environmental flows in the Murray-Darling Region (Richter, 2014). Moreover, these data show that surface water use for irrigation exhibits interannual fluctuations that ultimately affect the water price (Debaere et al., 2014). Overall, the gross value of irrigated crops (AUD -Australian Dollars) rises by 66% from 2002 to 2017 and reflected the increasing gross value of agricultural production (+87%). Therefore, the irrigation revenue per hectare (AUD/ha) increased by 50% between 2002 and 2017, while irrigation costs per hectare (AUD/ha) increased by 7% as a result of changes in the variable costs of water.


Table 3. Environmental and socio-economic indicators of irrigation in Australia, based on the ABS database.
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Moreover, we considered 8 NRM regions; each region comprises provinces or territories (Figure 1). The main irrigated area in Australia is situated in the Murray Darling Basin, between New South Wales, Victoria, and Queensland. In these regions, irrigation is used by a relatively large number of businesses over a large irrigated area (Table 4). As shown in Table 4, surface water is the predominant source for irrigation in Australia except for the Northern Territory which strongly relies on groundwater. The Northern Territory and the Australian Capital Territory have a small fraction of irrigated land.


Table 4. Environmental and socio-economic indicators of the NRM regions.

[image: Table 4]

The irrigation revenue differs among regions depending on the productivity of crops cultivated in each area. Irrigation costs include variable costs associated with the purchase of water, and fixed costs for operation, infrastructure, and equipment purchase (Table 4). The operation costs account for the costs of maintenance and labor during irrigation and vary between 34 AUD/ha in Queensland to 97 AUD/ha in the Northern Territory. The highest cost of water purchase is found in Victoria and New South Wales with 171 AUD/ha and 113 AUD/ha, respectively.

Fifty-eight percent of irrigated lands in Australia use surface irrigation, followed by various types of sprinkler (32%) and drip irrigation (10%) (Table 5). Our estimates of the hydrologic deficit indicate that in the Australian continent water use for irrigation tends to deplete surface water resources and environmental flows more than groundwater (Figure 2). In fact, groundwater is seldom in a deficit (Table 6). The occurrence of hydrologic deficit conditions indicates that farmers have withdrawn more water than it would have been sustainable to do. In other words, withdrawals (irrigation volume applied) exceed the available water, which means that they occur at the expenses of environmental flows or groundwater depletion. In the case of Australia, it seems that the main concerns should be for the loss of environmental flows. Recent news article reported that fish died from a severe water overuse in the Murray-Darling Basin (AFP, 2019).


Table 5. Average fraction of area irrigated with different type of systems.
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[image: Figure 2]
FIGURE 2. Trend (2002–2017 period) of environmental deficit dH (km3), on the left, and the socio-economic deficit dE (AUD 109), on the right at the Australian continent scale.



Table 6. Average hydrological deficit (dH) and socio-economic deficit (dE) over the period 2002–2017 for 8 NRM regions.
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Conditions of socio-economic deficit (on the right) do not emerge at the average country scale, but they do occur at the scales of the individual NRM territories. Changes in economic deficit can result from changes in water price or in water productivity as shown in Tables 4, 6. Economic deficit conditions correspond to situations in which the cost of water exceeds the marginal revenues generated by irrigation.



Analysis of the Criteria of Performance for Surface Water

We first consider the sustainability of surface water resources, which account for almost 80% of irrigation withdrawals in Australia. We look at indicators of performance of irrigation for both the hydrologic and economic aspects of sustainability (Figure 3). In other words, we look at the overuse or overexpenditure, unreliability (i.e., 1-Rl, with Rl being the Reliability; see Table 1) and the persistence of deficit conditions (i.e., 1-Rs). Considering the hydrologic/environmental aspect of sustainability, overuse is widespread across Australia (Figure 3, panel 1a) except for the Northern Territory. The unreliability of surface water use is also relatively high across the country except for the northern territories (Figure 3, panel 1b), where climate is tropical sub-humid. Likewise, water deficit conditions appear to persist across the country, as reflected by the high probability that years with hydrologic deficit are followed by deficit years (Figure 3, panel 1c), indicating inability for the system to overcome (and recover from) stress (i.e., low resilience).


[image: Figure 3]
FIGURE 3. Maps of criteria of performance on the environmental (1) and socio-economic (2) aspects. The figure shows the Overuse/Overexpenditure (a), the non-Reliability (b), and the non-Resilience (c), of surface water use for irrigation purposes in the Australian continent.


The indicators of socio-economic performance show a different picture because overexpenditure is overall low across Australia (<0.25; Figure 3, panel 2a), except for the territories of Southern Gulf and the southern coast of Victoria where overexpenditure is >0.5 or even 0.75. This means that in these regions the revenue of irrigated agricultural production is not sufficient to offset the cost of irrigation. However, other than in these regions, the use of surface irrigation seldom leads to an economic deficit (Table 6). Moreover, economic deficit has a low likelihood of occurrence (i.e., irrigation is economically reliable) and does not persist (i.e., irrigation is economically resilient; Figure 3, panels 2b,c).

To evaluate the strong and weak sustainability of irrigation, we map (Figure 4) areas affected by both high hydrologic and economic deficits (strongly unsustainable), high hydrologic but relatively low economic deficit (weakly sustainable) and low hydrologic and economic deficit (sustainable), as explained in the methods section (Table 2). We also consider the case in which irrigation is sustainable hydrologically but not economically. The results of this analysis (Figure 4) show that in most of Australia surface water use for irrigation is weakly sustainable, in that it can generate good profits on most years but “usurps” environmental flows. In fact, hydrologic deficits correspond to conditions in which surface water withdrawals for irrigation exceed the available water, which is here estimated as the difference between surface runoff and environmental flows. Thus, the use of surface water for irrigation is strongly sustainable in the Northern Territory, and Northeast Tasmania. In the rest of Australia, surface water withdrawals for irrigation are weakly sustainable, except for the Southern Gulf in Queensland, Northern Rivers in New South Wales, and Eyre Peninsula and South East province in South Australia that are affected by economic unsustainability.


[image: Figure 4]
FIGURE 4. Map of the sustainability paradigm of the irrigation practice using surface water.




Analysis of the Criteria of Performance for Groundwater

Groundwater sustains about 20% of irrigation in Australia, particularly in those areas where surface water is not sufficient to meet irrigation water requirement. In Figure 5, the sustainability of groundwater use for irrigation is evaluated through the three criteria of performance. Overuse is generally higher than 0.5 in areas with lower surface water supply. In those areas, groundwater stocks are often depleted by irrigation with withdrawals (Figure 5, panel 1a). The unreliability of irrigation and persistence of groundwater deficit is relatively high in the Northern Territory, Western Australia, and in some provinces such as the Lower Murray Darlyn in South New Wales and Fitzroy in Queensland (Figure 5, panels 1B,C). From the standpoint of the economic performance, overexpenditure is high in the Southern Gulf and Northern Rivers, where it exceeds 0.75. In North Central Victoria and in the Eyre Peninsula overexpenditure is in the 0.50–0.75 range (Figure 5, panel 2a). The probability of occurrence of years with economic deficit (or “unreliability”) is relatively low (Figure 5, panel 2b). Likewise, probability of persistence of economic deficit is relatively small (<0.25), except for Southern Gulf in Queensland, North Central in Victoria, Eyre Peninsula in South Australia and South in Tasmania (Figure 5, panel 2c).


[image: Figure 5]
FIGURE 5. Maps of criteria of performance on the environmental (1) and socio-economic (2) aspects. The figure shows, the Overuse/Overexpenditure (a), the non-Reliability (b), and the non-Resilience (c) of groundwater use for irrigation purposes in the Australian continent.


In Figure 6, the environmental and socio-economic deficits are compared to determine conditions of weak and strong sustainability of groundwater use for irrigation across Australia. The consistent pattern of weak sustainability indicates that groundwater use contributes to groundwater depletion in most of the areas irrigated with groundwater. Only few provinces situated in the northern part of the country exhibit strong sustainability in groundwater use for irrigation. Murray in New South Wales, Border Rivers Maranoa-Balonne in Queensland, and South in Tasmania show an economically unsustainable groundwater use for irrigation. In those provinces, the marginal revenues of irrigation do not fully cover the irrigation costs.
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FIGURE 6. Map of sustainability paradigm of the irrigation practice using groundwater.




Sustainable for What? A Different Point of View

Previous studies have analyzed the use of water for agricultural purposes under scarcity conditions focusing on the sustainability of irrigation from the standpoint of the environment (Khan et al., 2006; Gerten et al., 2013; Hazbavi and Sadeghi, 2017). When the focus is on the environment, an irrigation practice is said to be sustainable when water resources are not depleted and their use does not compromise the availability of ecosystem goods and services in the future (Butler et al., 2017; Unver et al., 2017; Papas, 2018). From the standpoint of farmers, however, the analysis of sustainability can also evaluate to what extent water for irrigation can be consistently available in a certain region (reliability) and whether water deficit years may persist in time (Juwana et al., 2012; van Dijk et al., 2013). This requires an analysis of the magnitude and frequency of water deficit, and the evaluation of the sustainability of irrigation using a set of indicators of performance (Sandoval-Solis et al., 2011) instead of using an aggregated index. In addition, farmers are also interested in the economic aspect of sustainability to evaluate whether and to what extent the cost of irrigation may exceed the marginal revenues it can generate. This study addresses the environmental and economic sustainability of irrigation looking at water use under water scarce conditions. Irrigation typically meets farmers' expectation of a greater income because the cost of water is often very small and most of the irrigation costs are associated with infrastructure, equipment and operation (Grafton and Wheeler, 2018). This type of analysis, however, has often neglected the environmental consequences of irrigation.

The intensification of food production allows for the attainment of higher yields within smaller areas. However, it may entail overuse and depletion of water resources and prevent their preservation (Rockström et al., 2017). The development of a sustainable intensive agriculture needs to focus on ways to enhance agricultural productivity while reducing the environmental impacts of irrigation. In many cases, water is used inefficiently and action needs to be taken to promote policies that integrate the dimensions of technology, economics, and governance (Unver et al., 2017).

A common approach to enhance water sustainability focuses on the implementation of new irrigation technologies that improve efficiency (i.e., IE). In fact, the study of a scenario of increased efficiency (i.e., 25% increase in IE, see methods section; Figure 7) shows that an increase in IE tends to enhance water sustainability. As shown in Table 7 the increase in efficiency allows for both water and economic savings. Thus, regions that in the current scenario exhibit both hydrologic and economic deficits (e.g., Eyre Peninsula, Fitzroy, and Murrumbidgee), can become sustainable in the scenario of increased efficiency. Likewise, areas that are presently weakly sustainable (e.g., Southern Rivers and East Gippsland) can become strongly sustainable (Figure 7). However, these improved efficiencies typically do not result in a benefit to the environment because farmers tend to use the water they save for additional irrigation (e.g., by increasing the irrigated land), thereby often leading to reduced return flows to the environment (downstream water courses and groundwater), a phenomenon known as “irrigation paradox” that is not accounted for in this study (Foster and Perry, 2010; Pfeiffer and Lin, 2010).


[image: Figure 7]
FIGURE 7. Weak and Strong sustainability calculation in case irrigation efficiency rise up by 25%. On the left, the current scenario A; on the right, scenario B where irrigation efficiency increases by 25%.



Table 7. Water Saving and Economic Saving when irrigation efficiency rises up of 25% (scenario B).

[image: Table 7]

The 25% increase in IE allows for water savings ranging from 182 m3 ha−1 in Northern Territory up to 520 m3 ha−1 in Queensland (Table 7), which correspond to an increase in profits of 2.3% and 14%, respectively (Table 7). These results show that the enhanced efficiency of irrigation systems has a positive impact on water productivity However, it has been reported that the farm-scale increase in irrigation efficiency may increase water consumption (the so called “irrigation paradox”) if farmers use the water savings resulting from the increased irrigation efficiency to plant crops that are more water-intense or irrigate more land (Grafton et al., 2018).

We have also invoked the notions of weak and strong sustainability (Gowdy and McDaniel, 1999; Dietz and Neumayer, 2006; Nasrollahi et al., 2018) to relate biophysical conditions of hydrologic deficit to economic deficit between revenues and costs. In this way, the analysis of hydrologic and economic deficit shows whether irrigation is strongly sustainable, unsustainable or weakly sustainable. In the case of weakly sustainable irrigation, the marginal income generated by irrigation is obtained at the cost of sacrificing groundwater stocks or aquatic habitat and associated ecosystem function in surface water bodies. In this sense, an increase in water withdrawal causes a depletion of the environmental flows. We also performed a sensitivity analysis with a scenario where only 40% (instead of 80%) of available water is left for environmental flow preservation. Table 8 shows how the framework performs an increase in water exploitation. There is a decrease of the magnitude of the irrigation water deficit (dE) and an increase of the resilience and reliability of the system but at the expense of Environmental Flows. The overuse decreases by 25% in the overall Australian continent, which can reach even the 72% decrease, for example, in Tasmania.


Table 8. Sensitivity analysis of using the 60% of EFR for irrigation from surface water.

[image: Table 8]




CONCLUSIONS

The novelty of the study stems from the introduction of the framework evaluating the sustainability of irrigation practice both from the hydrological and socio-economic points of view. We evaluated to what extent irrigation take place without compromising environmental flows while generating net profits for farmers or agribusinesses. This approach allows us to quantify the weak and strong sustainability of irrigation.

More specifically, this framework (i) provides indicators of performance that can be used to evaluate in quantitative terms the sustainability of irrigation and its likelihood; (ii) it shows how the notions of reliability, resilience and overuse/overexpenditure can be translated into suitable indicators addressing both the environmental and socio-economic aspects of sustainability. These indicators provide a rather comprehensive picture of the sustainability of the system, from the perspective of both farmers and the environment; (iii) it can be applied at different spatial and temporal scales and used by stakeholders to support decision-making in the context of water management and water policy development.

To develop a framework that can be applied at different scales to a variety of agricultural regions and with a relatively limited amount of data, we had to make some simplifying assumptions on the way irrigation water requirements and the difference between irrigated and rainfed crop production are calculated.

The case study focused on cultivated land in Australia. In this specific context, we found that Australian irrigation is for most part weakly sustainable. In other words, irrigation water is unsustainably used to produce commodities at the expenses of the environment. Interestingly, our analysis shows that irrigation has stronger negative impacts on environmental flows, while groundwater use for irrigation tends to be more sustainable. Overall, irrigation contributes to a more reliable and resilient crop production with a relatively high level of economic water profitability.
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Total irgation (dg) ~ AUD ha~" —186 17 -348 —239 558 —537 —a59 —204 6,189

The dy and dg resulted for surface and groundwater sources are shown.





OPS/images/fsufs-04-00017-t008.jpg
EFR = Runoff x 80% EFR = Runoff x 40% Variance (o) A% (80 => 40)

Name of territory Resilience Reliability Overuse Resilience Reliability Overuse Resilience Reliability Overuse Resilience Reliability Overuse
Australia 0.00 0.00 0.87 0.07 0.07 0.65 0.0026 0.002 0.024 7% 7% —26%
New South Wales 0.00 0.00 0.96 0.00 0.00 0.88 0.00 0.00 0.003 0% 0% -9%
Victoria 0.00 0.00 0.97 0.00 0.00 0.90 0.00 0.00 0.002 0% 0% -7%
Queensland 0.00 0.00 0.76 0.18 027 0.54 0.017 0.036 0.025 18% 27% —29%
South Australia 0.00 0.00 0.99 0.00 0.00 0.96 0.00 0.00 0.0003 0% 0% -3%
Western Australia 0.08 0.13 0.68 0.57 053 0.49 0.12 0.08 0017 643% 300%  —27%
Tasmania 0.00 0.00 0.50 1.00 0.87 0.14 0.50 0.38 0.065 100% 87% -72%
Northern Territory 1.00 1.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0% 0% 0%

Australian Capital Territory ~ 0.00 0.00 0.98 0.00 0.00 0.94 0.00 0.00 0.0007 0% 0% —4%
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Year Number of Area Volume of Total Groundwater Gross Gross value of Irrigation  Irrigation

agricultural  watered freshwater imigation volume value of  crop production  revenue costs

businesses withdrawn from  water withdrawn  irrigated (rainfed +

inigating all sources applied  forirrigation  production  irrigated land)

no 10° ha Km® Km® Km® AUD 10° AUD 10° AUD/ha  AUD/ha
20162017 22,103 2,245 9.969 9.104 1.820 15,512 60,842 1,901 156
20152016 22,690 2,148 9.157 8381 2358 15,015 55994 1868 163
2014-2015 36,533 2,149 9780 8950 2.108 15,108 53,625 1,933 163
20132014 36,155 2,361 11.562 10781 2088 14,599 50,866 1906 148
2012-2013 30,629 2,377 11.929 11.060 1.856 13,431 46,289 1,697 147
2011-2012 34911 2,141 9.007 8.174 1.589 13,546 46,687 1,318 164
2010-2011 38,752 1,963 7.551 6.645 1.611 12,946 46,020 1,107 178
2009-2010 40817 1,840 7.359 6596 23025 11,485 39,707 1,484 190
2008-2009 39,940 1,761 7.286 6501 2490 11,953 41,849 1,712 199
2007-2008 39,637 1,851 7.044 6285 2.408 12,311 43270 1,503 189
2006-2007 41,787 1,923 8.621 7.636 2.740 12,488 36,060 1,998 182
2005-2008 44,826 25546 11.689 10.737 2392 12,257 38,527 1,214 138
2004-2005 85244 2,405 10683 10.085 2.460 10,570 35,555 1,090 146
2008-2004 40,400 2,402 11.061 10.442 2559 10,436 36927 1,156 146
2002-2003 43,774 2378 11.021 10.402 2632 9,323 32,563 1,262 -

Groundwater volume used is mentioned as part of the freshwater volume withdrawn from all sources. lrrigation water applied stands for the irrigation volume withdrawn and applied in
the field net from supply losses.
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NRM Region Agricultural Area watered Volume Total irrigation Groundwater Gross value of  Irrigation revenue Cost of annual Cost for Cost for
businesses withdrawn from  water applied  volume applied irrigated water purchase equipmentand  operation in
iigating all sources for irrigation production infrastructure  irrigation

no STD 10°ha STD Km? STD Km? STD Km® STD AUD10° STD AUDha=' STD AUDha~' STD AUDha~' STD AUDha~' STD

NewSouth 9058 1783 752 150 3557 1021 3322 099 0733 0218 2789 500 867 237 113 2 14 3 7% 16
Wales

Victoria 9662 17238 6549 92 2124 0522 1952 0503 0286 0046 3657 649 2061 580 171 32 10 2 58 11
Queensiand 8105 1505 623 28 2420 0300 2192 0305 0578 0085 3244 471 1504 444 65 4 15 1 34

South Australia 5,163 980 186 18 0865 0133 0786 0123 0447 0084 1578 171 3262 702 o7 9 24 2 %
Western 2615 546 62 25 0361 0033 0271 0026 0132 0015 765 183 3721 1,108 71 16 21 5 55 12
Australia

Tasmania 1722 810 90 7 026 0033 0237 0034 0019 0007 624 123 2050 435 58 4 15 1 2l 5
Northern 216 72 5 1 0045 0021 002 0005 0033 0014 70 20 3667 1194 12 3 21 5 o7 2
Territory

Australian 8 5 0225 0142 047910- 0237 037110 0267 004510° 0025 8 1 11,386 8956 9 7 - - 3 29
Gapital Territory

Values are reported as averages and standard deviations throughout the study period (2002-03 to 2016-17). The Standard Deviation (STD) is added for every variable.
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Formula

Op < 0.25; O <0.25;

Op > 0.25;0¢ < 0.25;
On < 0.25;O¢ > 0.25;

On > 0.25; O > 0.25;
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Overuse (Oy) or Op= (ﬁ;:)
Overexpenditure
(©e)
Reliabilty Ry = Prob [dy = 0]
Resilience Rs = Prob [dy(t) = Oldy (t — 1) > 0]

Equation reports the deficit and the three criteria of performance both from the Hydrological and Economic aspects.

Economic

G -R ifC/>R,
de=
0 otherwise

oc=(2)

Ry = Prob [de =0
Ry = Prob [dg(t) = Oldg (t— 1) > 0]





