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Abstract

:

Date production and consumption is mostly diffused in Middle East and Northern African countries. Date production is linked to the land and water footprint in countries where agricultural land and freshwater are scarce. We estimate the global land, green water, blue water, and water scarcity footprint at the country scale from a production perspective. We show that production trends are increasingly driven by foreign demand. By tracking the international trade dynamics of dates, we map the shift of environmental footprint from the producing to the consuming countries. We find that dates production and consumption are not yet decoupled from the associated environmental burden. Global dates consumption accounted for 1.4 million hectares of agricultural land, 5.8 Gm3 of green water, 7.5 Gm3 of blue water, and the related impact on water scarcity reached 358 Gm3 world equivalent in 2019. The primacy of the economic driver is revealed, indicating that in the case of dates, the environmental sustainability aspects are currently overlooked for the sake of the economic benefit. The time-series analysis provides informative results to support policymakers in the design of mitigation strategies that can help the achievement of the SDGs.
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1. Introduction


The existence of food systems cannot prescind from the exploitation of freshwater resources [1]. Freshwater is so important globally that it is related to many Sustainable Development Goals (SDGs), besides SDG 6, which specifically refers to it. In addition to food systems, freshwater supports almost all human activities, such as energy sectors and industrial productions, and is sourced from superficial or groundwater basins, or derives from seawater desalination [2,3,4]. Such activities can significantly affect the global water cycles [5,6,7]. When the simultaneous demand for freshwater from multiple sectors exceeds availability, the water security of regions strongly relying on water exploitation can be jeopardized [4].



Around 80% of the global population already faces water security issues [8]. The growing population, together with the vulnerability of freshwater reservoirs to climate change [9], make water scarcity a topic of primary concern for policymakers to respond to future drought [10,11,12]. While technology can increase the efficiency of freshwater exploitation, for example, through more efficient irrigation practices, such interventions might negatively affect the existing water scarcity issue [13]. In addition, drought vulnerability can be increased due to intervention to raise water resources levels, such as dams [14].



Water scarcity is defined as an excess of water demand over available supply [15]. Furthermore, water scarcity can be divided into physical and economic components. The first occurs when there is not enough water to meet all demands, including environmental flows, whereas the latter occurs when there is a lack of investment in water or a lack of human capacity to satisfy the demand for water [15]. Climate change will increase the population exposed to water scarcity [16]. Water scarcity issues will be exacerbated where already present [17], and facing this future challenge requires a careful policy action and specific management practices for adaptation and mitigation [18]. Date fruit (or dates) is among the agricultural commodities requiring most blue water volumes per tonne globally [19]. Date palms’ high tolerance to saline soils and drought make their cultivation possible even in arid environments [20]. Accordingly, most date fruit producers are Middle-East or Northern African (MENA) countries [21] where precipitations and freshwater resources are limited, and brackish water is sometimes used for irrigation [22,23]. Climate change is expected to threaten date palm cultivation as well, despite its tolerance to commonly unsuitable conditions [24].



Date fruit has remarkable nutritional values [25] and provide nutrition for MENA countries [26]. As a cash crop, it is also a source of income for farmers [24]. Accordingly, its cultivation can be export-oriented, with export covering about half of the total production [27]. Date production constitutes the main source of remuneration and the basis of economy for the people living in the Sahara [28]; it plays a strategic role in their economies [29], and its cultivation covers up to half of the entire cultivated land in Oman [30]. However, since date production heavily relies on blue water use, compared to other commodities, export flows are linked with considerable amounts of virtual blue water [27], where virtual water refers to the water that is used to produce goods that are traded to be consumed elsewhere [6,31]. Furthermore, in other cases, date palm cultivation can imply half of a country’s agricultural land for domestic consumption [30]. Finally, since brackish water is sometimes used for date palm irrigation, soil salinity can grow and salt can leach to underground reservoirs, and to avoid that, elevated amounts of freshwater are required to dilute the salts, besides the fertilizers residuals, to normal levels (“salt gray water”) [32].



The high levels of blue water required by date palm cultivation, coupled with the water scarce freshwater basin commonly exploited for their irrigation leads, to questioning the sustainability of such production. In addition, being the top-producing countries affected by scarce land suitable for crop cultivation [33,34], it is important to provide a comprehensive picture of the past and current situation even in terms of land footprint to possibly support policymakers dealing with land scarcity issues.



Previous studies analyzed the water footprint of date production or trade focusing on single countries [27,30,32,35,36], whereas a more structured work was realized by the FAO focusing on few countries and with a general outlook [37]. However, no study analyzed the global dynamics of the date fruit sector from multiple environmental points of view, in time series, and with a country-level resolution. The aim of this paper is to fill this knowledge gap by performing a global multidimensional environmental footprint analysis (i.e., land and water footprint) including the production, trade and consumption of date fruit. Furthermore, a two-decades time-series analysis (2000–2019) of the global land footprint, water footprint, and water scarcity footprint of date fruit production and consumption at the country scale is also presented to reveal past and present trends and identify drivers of environmental burden to suggest possible entry points for policies aimed at mitigating future impacts of climate change.




2. Materials and Methods


Date fruit production data for 254 countries were retrieved from the FAOSTAT database [21]. Trade data were retrieved from the UNCOMTRADE database [38] via [39]. Data refer to the unprocessed commodity, whether dried or not, excluding processed commodities containing date fruits or date fruits’ sub-products. Figure 1 provides a schematic representation of the methodology adopted highlighting all steps from data collection (and source) to results computation.



2.1. Land Footprint for Dates Production


Land footprint indicates the surface of agricultural land that is required to produce a determinate crop. Land footprint estimation associated with dates production is based on the harvested area values retrieved from FAOSTAT [21] as well as data on yield, following previous studies [42,43,44,45,46,47]. As we focus on dates, we considered the agricultural land specifically intended for dates production. While yield data express the amount of crop produced per unit of land area implied, its inverse indicates the land intensity—that is, the amount of land required to produce a unit of crop.




2.2. Water Footprint for Dates Production


The method proposed by the Water Footprint Network (WFN) [48] divided the volume of water required for crop cultivation into green water, blue water and gray water. Green water is defined as the rainfall that is stored in soil, whereas the blue water is defined as the freshwater abstracted from underground or surface water basins [48]. Finally, the gray water footprint is the freshwater required to dilute polluted effluents to comply with legal limits. Accordingly, we estimated the water footprint for dates production for each producing country, and for each year, calculating the Specific Water Demand (SWD, m3 tonne−1), as the ratio between the Crop Water Requirement (CWR, m3 ha−1), and the yield (Y, tonne ha−1), as represented in Equation (1):


  S W  D  c , n , y   =   C W  R  c , n      Y  c , n , y      



(1)




where SWD indicates the specific water demand for crop c in country n, in year y, CWR indicates the water requirement of crop c, in country n and Y indicates the yield of crop c, in country n, in year y. The CWR for both green and blue water was derived from [19]. CWR data were assumed as fixed, since it mainly relies on climatic factors which are assumed to be constant for the period considered. Accordingly, we derived CWR values by using the average yield of the same period considered by [19], as in previous studies [44,45,46,49] as shown in Equation (2):


  C W  R  c , n   = S W  D  c , n , 96 − 05   ×  Y  c , n , 96 − 05    



(2)




where SWD indicates the specific water demand in country n for the crop c, retrieved from [19], and Y refers to the average yield of country n during the period 1996–2005 for the crop c. Yield average data were estimated by using FAOSTAT data. Since CWR values are provided for both green and blue water, the adopted method allowed us to distinguish between green and blue water, as they are defined in the water footprint assessment manual [48]. Gray water footprint calculation requires specific data referred to the water body receiving the load of pollutants deriving from field run-off to the water body chemical characteristics and to local policy [48]. Although previous assessments adopted a fixed global or regional run-off rate and a fixed global acceptability limit for the concentration of pollutants, we chose to exclude gray water calculation from this study in order to maintain the country-specific approach. Indeed, by adopting a global fixed limit as in a previous study [19], to estimate the gray water, we would lose the country specificity of our analysis. Nevertheless, the gray water footprint for dates covers a marginal part of the total footprint [19]. Due to the diffused use of brackish water to irrigate date palms, soil salinity tends to grow, and elevated amounts of freshwater should be used to dilute the salts, besides nitrogen or other pollutants, to normal levels (for the receiving body), indicating a feature that might be overlooked by gray water calculation (“salt gray water”) [32]. While [48] provides values of the average SWD for the period 1996–2005 allowing to estimate the dates’ water footprint by simply multiplying the quantity of dates by the SWD values, the estimation would be static, failing to capture the changes that may occur over time in the production efficiency—for example in terms of yield—therefore hampering the possibility to identify the underlying drivers. Furthermore, while being certainly illustrative, the SWD values provided in such study are outdated, and their use in analyses for recent years would inevitably result in inaccurate estimates. For these reasons, our study stems from the estimation of the CWR.




2.3. Water Scarcity Footprint for Dates Production


The various definitions of water scarcity led to the development of different approaches to assess the impact of water use on it. The advantages and limitations of the existing approaches have already been discussed [50]. After two years of elaboration, a method has been identified, and it is supported by a large group of experts. This approach is based on the concept of Available Water REmaining (AWARE), which is the water that remains available for further use after the human and ecosystem’s needs have been satisfied [51].



The AWARE method allows us to estimate the impacts on water scarcity linked to the use of blue water by country, depending on the average level of stress affecting the water basins exploited in such country’s territory. The calculation can be completed by applying a country-specific characterization factor (CF) to the volumes of blue water used. The latest advancement of the AWARE method [41] provides CFs that are not only country-specific, but also crop-specific, by linking crop-specific water requirements to the water basins from which blue water is sourced at the sub-national level. Therefore, the estimation of the water scarcity linked to date production is calculated as follows (Equation (3)):


  W S  P c  = B W  P c  × C  F c   



(3)




where WSP is the water scarcity footprint for date production in country c (m3 world equivalent), BWP is the blue water footprint for dates production in country c for the analyzed year (m3 of blue water), and CF is the characterization factor for date production in country c, which is expressed in m3 world equivalent per m3 of blue water. The underlying idea is that there is competition among the ecosystemic need for water and the human’s one, either indirect—such as through irrigation—and the direct—such as for drinking [52].



By tracking the origin of the dates consumed worldwide, it is possible to estimate the total water scarcity linked to their consumption in each country for the year considered. Accordingly, it is necessary to link producers to consumers by accounting for the international trade flows and applying the CF according to the origin of the flows as follows (Equation (4)):


  W S  C c  = W S  P c  −  (  B W  E c  × C  F c   )  +  (    ∑  i ≠ c    B W  I  c , i   × C  F i     )   



(4)




where WSC is the water scarcity linked to the consumption of dates in country c, WSP is described in Equation (1), BWE is the total blue water exported by country c linked to date palm cultivation, CFc is the same as in Equation (1), BWI is the volume of blue water linked to dates imported by country c from country i, and CFi is the characterization factor for dates production in country i. CF values were sourced from [41]. The available data covered around 93% of the global date production.



Due to the cash crop nature that dates can assume in some cases, trade can reach high relevance for some production contexts [27]. International trade might involve intermediary countries. After importing a commodity, such countries might, in turn, simply export the same commodity with minimal or no change. This creates a re-export flow. The existence of re-export flows hampers the possibility to unequivocally link primary producers to final consumers and can induce inaccuracies through double counting of trade flows. Therefore, raw trade data need a preliminary treatment to ensure their suitability for the calculations. Consequently, we applied the data treatment approach of [53] to link producers to final consumers, avoiding double counting of re-export. Data treatment assumes that only countries producing a certain crop can have direct export flows. Accordingly, by considering re-export flows composed by goods originated from producing countries proportionally to their share of global production, the re-export flows are re-allocated linking the original producer to the importers. Consequently, inconsistencies and discrepancies deriving from the misallocation of the environmental burden of the re-export flows to non-producing countries are avoided (see [40] for details on the method). This operation allows the application of the correct country-specific resource use intensities and water scarcity CF to trade flows [6,54].



For each year, we compiled a detailed bilateral trade matrix showing import and export quantities between 254 countries/territories, as described in detail in the Supplementary Material (Table S1). Finally, to allow a fair comparison of the countries’ level of water scarcity due to date consumption, we provided per capita results using [53] data on population.





3. Results


As shown in Figure 2, the date production footprints analyzed varied annually with heterogenous trends. Specifically, while the global date production grew by 41% overall (see Figures S1 and S2) [21], the land footprint showed an overall increase (24%) with a first period of growth until 2010, when the land footprint peaked (1.28 Mha), before falling (−12%) in 2011. Afterwards, the global land footprint value remained approximately constant until 2016, when the growth restarted, which was mainly driven by Iraq (Figure 2a). Such growth can be explained by the expansion policy undertaken by Iraq’s government, which aimed to increase the national production [55]; however, this will require a longer time to show its effect (Figures S1 and S2). Estimating the cropland required for date production is fundamental, since the main producers have scarce land available for agriculture due to either soil composition or climate [33,34].



The green water footprint showed a similar initial growing trend until 2010 (7.6 Gm3) before sharply falling (−32%) in 2011 (Figure 2b). However, differently from land, the green water footprint never reached pre-2010 levels. Only a slight growth from 2016, driven by Iraq, was recorded (Figure 2b). Overall, the green water footprint showed a decrease (−9%). Blue water showed an initial steady growth until 2010 too but then decreased, even after 2011, reaching a low peak in 2015 (7.2 Gm3) (Figure 2c). Afterwards, a slight but discontinuous growth led to an overall decrease (−7%) (Figure 2c). Finally, the water scarcity footprint grew until 2010 (0.4 world eq. Tm3) before showing a decrease until 2015, which was followed by a discontinuous trend (Figure 2d). Between 2000 and 2019, the water scarcity footprint grew around 21% (Figure 2d). These variations are linked to increasing production from areas with lower water intensity together with a lower land intensity, which are linked to better agricultural practices.



Figure 3 shows the footprint levels linked to dates consumption worldwide, highlighting some countries’ relevance in global terns and their effect in shaping the global trends. The case of India is particularly relevant, since its national production is marginal, whereas the consumption reaches global significance [21] (Figure 3). In fact, India’s land footprint linked to dates consumption assumed significant levels, especially in the second half of the period analyzed. Indeed, India’s land footprint increased from 50.1 kha in 2000 to 118.5 kha in 2019—which corresponded to 3% of the global land footprint in 2000 (1.05 Mha) and to 9% of the global land footprint in 2019 (1.38 Mha) (Figure 3a). Many of the top countries by land footprint for production were also among the top countries by land footprint for consumption. This suggests that a significant part of the production is stimulated by the domestic demand for dates (see Figure S3). The green water footprint of consumption indicates a partly similar situation, where some of the top countries by green water footprint of production are also among the top countries by green water footprint of consumption (Figure 3b). For example, India’s dates consumption was linked to a significant level of green water footprint too (3–9% of the global total) (Figure 3b). It is also evident that countries other than the top ten ones gradually gained relevance, passing from around 12% of the global blue water footprint of consumption in 2000 to around 22% in 2019 (Figure 3b). The blue water footprint from dates consumption was increasingly displaced among countries other than the top producers (6–13%) (Figure 3c). A similar trend was revealed for the water scarcity footprint of consumption, for which countries other than the top ten ones accounted between 9% and 14% over the study period (Figure 3d), indicating a gradual increase in responsibility for the impact on water scarcity from producer to consumers. Overall, both environmental pressures and impacts are growingly being displaced beyond the territory of origin. This is due to a growing demand from non-producing countries and from countries whose domestic production fails to cover the domestic demand—for instance, India and Morocco, respectively, or even the United Arab Emirates (ARE) in the most recent period [21].



Figure 4 and Figure 5 show that the worldwide displacement of the footprints linked to date consumption is significantly variable among the four footprints considered in the present analysis. In particular, the land footprint shows that date production and consumption was significantly diffused across all the continents in 2019 (Figure 4a). In the case of land footprint, it is noteworthy that the flows linking countries across the globe are marginal, compared to, for example, the flow from Iraq to India (Figure 4a). A similar behavior is shown for green water (Figure 4b). However, the differences between the flows of land and water footprint are significantly affected by the producing countries’ specific climatic conditions. For instance, the ARE have a higher land efficiency but a lower green water efficiency in producing dates compared to other countries. Indeed, the green water CWR for ARE is the highest among the producing countries and well above them, while the yield is right below the average of the top producers. This is reflected in a reduced significance of the flows of land embodied in the dates exported by ARE (Figure 4a) compared to the green water linked to the same export flow (Figure 4b). For example, it is evident that the export flow of dates from ARE to India is much larger considering the embodied land (4350 ha) if compared to the green water embodied in the same export flow—67 Mm3 of green water. This can be explained by considering that it accounts for a larger portion of the global land involved in dates production, meaning that ARE dates production has a lower land use efficiency compared with the top-producing countries. On the contrary, Iran’s export flows have comparable relevance, indicating that land and green water efficiencies for dates production in Iran rank similarly compared to other countries. The export flow of dates from Iran to India in 2019 corresponds to 4968 kha of embodied land and 23 Mm3 of green water embodied (Figure 4). Even from a consumer perspective, for some countries, the footprint values are affected by the consumption of dates domestically produced (see Figure S4).



The climatic conditions, together with the orientation of the cultivation (e.g., export-oriented or for domestic consumption) and the related agronomic practices, explain the remarkable differences between land, green water, and blue water footprint displacement (Figure 4 and Figure 5a). These practices might involve extensive irrigation. Some countries only (or almost only) rely on green water exploitation for date palm cultivation, whereas other countries exploit much higher volumes of blue water than green water for palm cultivation in order to boost or even just allow production (Figure 5). This is the case for Algeria, where the blue water requirement value is twice as high as the green water one. It is also the case for Iran, whose blue water requirement is 2.3-fold the green water one. Even more relevant is the case for Saudi Arabia, where the blue water requirement is 6.6 times greater than the green water one. Following the previous example, the 41 ktonnes of dates exported by ARE to India correspond to 30 Mm3 of blue water, while the same amount of dates exported by Iran to India consumes about 55 Mm3 of blue water due to a much lower blue water efficiency of Iran compared to ARE. Accordingly, a few major countries account for most of the overall blue water footprint (Figure 5a). Those ones are also responsible for a remarkable part of the water scarcity footprint (Figure 5b), which depends on the actual impact deriving from the exploitation of freshwater in the date palm plantation areas. Significant differences between blue water and water scarcity footprints (Figure 5a,b) may emerge. For example, Saudi Arabia in this case accounted for much less of the overall water stress footprint compared to the top countries in terms of blue water. The reason is that Saudi Arabia’s CF is just 14% compared to Algeria’s CF or just 17% compared to Iran’s CF. In addition, Iran and Tunisia account for major flows of water scarcity embedded in the dates they exported (Figure 5b). Considering the previous example, 342 Mm3 world equivalent of water was linked to dates exported to India from ARE. At the same time, a similar amount of dates exported by Iran to India was linked to 3.4 Gm3 world equivalent of water. This difference is due to Iran’s date production having a worse water scarcity characterization factor compared to India’s one. Furthermore, it is remarkable that France appears among the countries with the highest water scarcity from dates consumption, which are mostly imported from Algeria and Tunisia. Finally, a considerable portion of the blue water and water scarcity footprints was linked to internal demand for some countries such as Algeria and Libya (Figure S4).



Table 1 shows a general decrease in both per capita dates consumption and the related per capita footprints. A drastic fall of the footprints’ values is evident for the ARE between 2000 and 2019. Such a fall was mainly driven by the related sharp fall (−88%) in date consumption (Table 1). Specifically, the per capita land footprint decreased by around 91%, while the green and blue water as well as the per capita water scarcity footprint decreased by 95% (Table 1). Furthermore, Table 1 shows that some of the top countries by footprint of consumption almost only appear for blue water or water scarcity. This reveals the reliance of these countries on a significant exploitation of freshwater resources either domestically or abroad. This is the case of Kuwait, whose date consumption reaches the top levels only in 2019 but whose blue water and water scarcity per capita footprint levels have been among the top ones for all the three years (Table 1). It is also remarkable that a European country, Albania, is among the countries with the highest per capita footprints. Tunisia ranks high for water scarcity but comparatively lower for the other metrics, especially for dates consumption. This phenomenon becomes more evident over time, indicating that the Tunisian supply of dates is comparatively efficient in terms of land and green water use, while it is generally slightly less efficient in terms of blue water use and significantly less efficient in terms of water scarcity. This means that even low date consumption rates can be linked with high environmental burden.




4. Discussion


Date fruit consumption is linked to land and water use as well as to impact on water scarcity. This environmental burden occurs also beyond the borders of the countries of production. All the continents are involved in such displacement, but most of the environmental burden occurs in MENA countries (Figure 2 and Figure 3). Date palm cultivation is practiced in a large number of countries. In general, the production is aimed at satisfying the internal demand (90%) rather than foreign demand [37]. However, the global share of export on the total production is progressively growing, reaching 12% in 2019. Furthermore, in 2019, for some countries, the export assumed a noteworthy relevance on the total production. For instance, it reached 42% in ARE, 41% in Tunisia and 35% in Iraq, shaping a similar trend for the related exported footprint trend. For ARE [32] and Tunisia [27,37], date export assumes a high relevance thanks to the associated revenue, but date production and export assumes importance also for countries where export is less relevant, such as Iran (11% of total production) [36]. These export flows depend on three factors: the demand from other MENA countries as the main one; demand expressed by other countries such as India (mainly matched by Iraq’s export); and a rising European demand, with Albania being the European country where consumption grew the most (Table 1). This indicates that the demand from foreign markets is among the drivers of environmental burden. Consequently, these consumption patterns influence the displacement of the related footprints (Figure 4 and Figure 5). Such patterns were affected by the environmental efficiency of the trade partners chosen by the importing countries, namely the resource or impact intensities (i.e., the amount of resource or impact needed to produce a unit of product) linked to the production of such dates.



The global dates production and consumption levels have been steadily growing (Figures S1 and S2). Meanwhile, the related footprint recorded a different trend with a peak around 2010 followed by a decrease with a slow recovery (Figure 2 and Figure 3). This trend is directly linked to a sharp and long-lasting fall of ARE date production in 2011 (Figure S2). Such a fall shaped the consumption footprint of both ARE and the countries whose supply relied on ARE’s exports. While such a dates production gap only marginally affected the global trend, it had significant consequences in terms of footprint due to the particularly high intensity of Iraq’s dates production. Indeed, the subsequent increase in Iraq’s production footprints might be linked to the attempt of the countries to take advantage of the previous ARE’s market share by expanding the palm dates cultivation [55]. However, significantly lower environmental efficiencies are recorded for Iraq’s production for the immediately following years (Figure 2), which is due to the lag between the expansion of cultivation and the return in terms of production quantities—namely, the yield. In the following years, a similar phenomenon regarding Saudi Arabia’s dates production contraction was only recorded between 2013 and 2014. However, this had no significant effects on the footprints trend due to the lower levels of intensities of Saudi Arabia’s production compared to other producing countries.



On a global level, all the intensities considered showed a decrease during the study period, with the highest decrease for green (−36%) and blue (−34%) water, which was followed by water scarcity (−14%), and land (−7%). This result can be linked to a growth of the production from areas with lower water intensity as well as to an improvement of the land intensity (the inverse of the yield), which is due, in turn, to better agricultural practices. By looking at the country-scale situation, it is possible to compare the average intensity of the consumed dates. This metric captures the environmental efficiencies of all the trade partners. India’s example can be illustrative in this sense, since it is a significant consumer (Figure 3) without relevant date production [21]. The average intensities of the dates consumed in India [21] in 2000 were 0.18 ha/tonne for land, 1378 m3/tonne for green water, 1220 m3/tonne for blue water, and around 54,000 m3 world eq./tonne for water scarcity. These intensities reached 0.42 ha/tonne for land, 1623 m3/tonne for green water, 406 m3/tonne for blue water, and around 16,000 m3 world eq./tonne for water scarcity. This was mainly linked to a change in India’s main providers of dates, which were Pakistan (44%), Iran (31%) and ARE (19%) in 2000 and Iraq (53%), ARE (15%) and Iran (15%) in 2019. The reduction in land intensity is specifically linked to the shift from Pakistan and Iran (with a yield around 0.13 ha/tonne, and 0.23 ha/tonne, respectively, in 2000) to Iraq (0.68 ha/tonne in 2019) as the top providers. The same shift explains the change in terms of green water. Indeed, Pakistan and Iran had significantly lower intensities in 2000 (1084 m3/tonne and 639 m3/tonne, respectively) compared to Iraq in 2019 (2205 m3/tonne). Instead, since Pakistan and Iraq present no blue water use, the blue water intensity for both years was mostly linked to the imports from Iran and ARE. Iran’s and ARE’s export environmental profile changed according to the yield variation between the two years—from 2558 m3/tonne in 2000 to 1363 m3/tonne in 2019 for Iran and from 1668 m3/tonne in 2000 to 719 m3/tonne in 2019 in ARE.



Ultimately, the water scarcity intensity is linked to the same providers and to their CF for date palm cultivation, that is, 12 m3 world eq./m3 of blue water for the UAE and 67 m3 world eq./m3 of blue water for Iran. This example clearly explains how the consumption footprint’s variation is driven by a change in the trade partners and in their environmental efficiency. In this specific case, the changes resulted in a worsening in land and green water footprint However, they also resulted in an improvement in blue water and water scarcity footprints. The identification of such a trade-off reveals how a multidimensional footprint approach can provide complete and reliable information to support decision makers in the process of designing actions toward the achievement of the SDGs and, specifically, SDG 6. Following the case of India, we investigated the drivers acting on the choice of the trade partners. By using producer prices retrieved from [21], we reveal that the main trade partners were the ones with high CF and low producer price (e.g., Iran) in 2000. Instead, in 2019, Iraq had the lowest producer price and was the main supplier, while Iran (the top third supplier) had a producer price 2.5 times higher than Iraq. These results confirm the primacy of the economic driver to make any decision, which in many cases brings about unsustainable trends and behaviors. Producing complementary information may be of great help to overcome this problem. In particular, since the producer prices neglect the environmental externalities linked to date production, the estimation of the economic efficiency (e.g., USD/world eq. m3) linked to the exploitation of stressed water basins for date production could provide remarkable insights for a more sustainable management of water resources. Nevertheless, the fragmentation of the economic data currently available limits the possibility of performing a complete and consistent analysis.



In order to test the robustness of our calculations, we compared our results with the only previous study providing a time-series analysis estimation of the water footprint linked to dates at global level [56]. The results [56] can be compared for the years 2000–2016. The comparison revealed a slight discrepancy with our overall annual results being a little lower than theirs (−1.9%) in terms of total footprints. The average annual discrepancy with our annual total water embodied in traded dates is a little larger (−8%), which is possibly due to the use of different trade matrices (Ref. [21] in their case) and due to our data treatment, which excludes possible overestimations linked with re-export flows.




5. Conclusions


In 2019, global dates consumption accounted for 1.4 million hectares of agricultural land, 5.8 Gm3 of green water, 7.5 Gm3 of blue water, and the related impact on water scarcity reached 358 Gm3 world equivalent. The growing global dates demand drove an increase in the environmental footprint associated, indicating that dates production trends are not yet decoupled from environmental burden. The major dates-producing countries are often also among the largest consumers, meaning that the environmental footprint of dates production is often comparable with the environmental footprint of dates consumption. However, recent international trade dynamics are increasingly driving a shift of footprint from producers to consumers. The multidimensional footprint assessment performed in this analysis shows that the characteristics of such a shift are strictly driven by the trade partners of the importing countries. Indeed, we reveal that trade-offs exist among land, green water, blue water, and water scarcity, highlighting the necessity to carefully contemplate the broadest possible environmental features when selecting the origin of imported dates if the intention is to address sustainability issues. Moreover, an economic analysis suggests the existence of a possible linkage between the exploitation of increasingly stressed water basins and the economic benefit from the related environmental degradation. The present work shows the importance of the complementary information that results from multidimensional footprint analyses. Such information could be helpful in supporting policy action aimed at achieving national sustainability targets (such as the ones related to the SDGs) through mitigation strategies.



Future research could progressively refine the present analysis by including a gray water footprint assessment, the use of time-sensitive CFs, as well as a more detailed economic assessment coupled with a social sustainability assessment.
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Figure 1. Schematic representation of the methodology adopted in this study. Black boxes indicate data collection, green boxes indicate data elaboration, and red boxes indicate the obtained results [19,21,38,40,41]. 
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Figure 2. The (a) land, (b) green water, (c) blue water, and (d) water scarcity footprint linked with global date production between 2000 and 2019. For each chart, only the top 10 producer countries are shown based on their average overall footprint levels. ARE = United Arab Emirates, DZA = Algeria, EGY = Egypt, IRN = Iran, IRQ = Iraq, ISR = Israel, KWT = Kuwait, LBY = Libya, MAR = Morocco, NER = Niger, OMN = Oman, PAK = Pakistan, SAU = Saudi Arabia, SDN = Sudan, TUN = Tunisia. 
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Figure 3. The (a) land, (b) green water, (c) blue water, and (d) water scarcity footprint linked with global date consumption between 2000 and 2019. For each chart, only the top 10 consumer countries are shown based on their average overall footprint levels. ARE = United Arab Emirates, DZA = Algeria, EGY = Egypt, IND = India, IRN = Iran, IRQ = Iraq, MAR = Morocco, KWT = Kuwait, LBY = Libya, OMN = Oman, NER = Niger, PAK = Pakistan, SAU = Saudi Arabia, SDN = Sudan, TUN = Tunisia. 
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Figure 4. The (a) land and (b) green water embodied in the bilateral dates net trade flows in 2019. Only the flows accounting for at least 1% of the global extent of each footprint are shown. Flows are colored according to the country of origin. The countries from which the flows originate are listed on the left side, while the destination countries are listed on the right. For a more detailed and complete version, see Figure S3. 
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Figure 5. The (a) green water and (b) impact on water scarcity embodied in the bilateral dates net trade flows in 2019. Only the flows accounting for at least 1% of the global extent of each footprint are shown. Flows are colored according to the country of origin. The countries from which the flows originate are listed on the left side, while the destination countries are listed on the right. For a more detailed and complete version, see Figure S4. 
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Table 1. The 2000, 2010, and 2019 top 10 countries rankings based on the per capita (a) dates consumption and related (b) land, (c) green water, (d) blue water, and (e) water scarcity footprint and related values.
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(a) Dates

	
(b) Land

	
(c) Green Water

	
(d) Blue Water

	
(e) Water Scarcity






	
2000




	
Area

	
kg/cap

	
Area

	
m2/cap

	
Area

	
m3/cap

	
Area

	
m3/cap

	
Area

	
world eq. m3/cap




	
ARE

	
241

	
ARE

	
588

	
ARE

	
875

	
ARE

	
417

	
ARE

	
6477




	
OMN

	
120

	
OMN

	
152

	
OMN

	
77

	
OMN

	
212

	
QAT

	
2561




	
IRQ

	
40

	
SAU

	
66

	
LBY

	
19

	
SAU

	
120

	
OMN

	
2399




	
SAU

	
34

	
IRQ

	
47

	
SAU

	
18

	
QAT

	
64

	
DZA

	
1982




	
QAT

	
30

	
LBY

	
45

	
IRQ

	
15

	
LBY

	
32

	
TUN

	
1817




	
BHR

	
25

	
QAT

	
39

	
DZA

	
11

	
DZA

	
26

	
IRN

	
1562




	
LBY

	
22

	
DZA

	
31

	
QAT

	
11

	
IRN

	
25

	
LBY

	
1473




	
EGY

	
15

	
TUN

	
24

	
IRN

	
11

	
TUN

	
23

	
SAU

	
1266




	
SDN

	
12

	
IRN

	
23

	
MRT

	
10

	
KWT

	
14

	
MAR

	
631




	
DZA

	
11

	
MRT

	
20

	
SDN

	
9

	
MRT

	
10

	
KWT

	
590




	
2010




	
Area

	
kg/cap

	
Area

	
m2/cap

	
Area

	
m3/cap

	
Area

	
m3/cap

	
Area

	
world eq. m3/cap




	
OMN

	
92

	
ARE

	
216

	
ARE

	
326

	
ARE

	
152

	
DZA

	
2755




	
ARE

	
91

	
OMN

	
109

	
OMN

	
64

	
OMN

	
146

	
ARE

	
2032




	
SAU

	
34

	
SAU

	
53

	
LBY

	
21

	
SAU

	
95

	
TUN

	
1796




	
LBY

	
27

	
LBY

	
50

	
DZA

	
16

	
LBY

	
36

	
IRN

	
1785




	
DZA

	
17

	
DZA

	
43

	
SAU

	
15

	
DZA

	
36

	
LBY

	
1665




	
EGY

	
16

	
IRQ

	
29

	
MRT

	
13

	
IRN

	
29

	
OMN

	
1664




	
QAT

	
13

	
MRT

	
26

	
IRN

	
12

	
QAT

	
27

	
MAR

	
1399




	
IRQ

	
13

	
IRN

	
26

	
MAR

	
12

	
TUN

	
23

	
KWT

	
1062




	
SDN

	
12

	
MAR

	
25

	
IRQ

	
9

	
KWT

	
18

	
QAT

	
1055




	
IRN

	
12

	
TUN

	
24

	
ALB

	
9

	
MAR

	
17

	
SAU

	
1007




	
2019




	
Area

	
kg/cap

	
Area

	
m2/cap

	
Area

	
m3/cap

	
Area

	
m3/cap

	
Area

	
world eq. m3/cap




	
OMN

	
76

	
IRQ

	
72

	
ARE

	
44

	
OMN

	
72

	
TUN

	
2443




	
SAU

	
40

	
ARE

	
57

	
OMN

	
29

	
SAU

	
55

	
DZA

	
2392




	
KWT

	
30

	
OMN

	
56

	
IRQ

	
23

	
LBY

	
35

	
LBY

	
1607




	
ARE

	
29

	
LBY

	
48

	
LBY

	
20

	
DZA

	
31

	
KWT

	
1470




	
LBY

	
26

	
DZA

	
38

	
DZA

	
14

	
TUN

	
31

	
IRN

	
1158




	
DZA

	
25

	
TUN

	
32

	
ALB

	
11

	
KWT

	
28

	
MAR

	
1129




	
EGY

	
16

	
SAU

	
31

	
MAR

	
11

	
IRN

	
19

	
OMN

	
822




	
TUN

	
15

	
MRT

	
22

	
MRT

	
11

	
ARE

	
19

	
QAT

	
703




	
IRN

	
14

	
MAR

	
21

	
TUN

	
10

	
QAT

	
16

	
MRT

	
691




	
QAT

	
12

	
BHR

	
17

	
SAU

	
8

	
MAR

	
15

	
SAU

	
583
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