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Abstract

:

The limited amount of freshwater is the most important challenge facing Egypt due to increasing population and climate change. The objective of this study was to investigate how climatic change affects the winter potato water footprint at the Nile Delta covering 10 governorates from 1990 to 2016. Winter potato evapotranspiration (ETC) was calculated based on daily climate variables of minimum temperature, maximum temperature, wind speed and relative humidity during the growing season (October–February). The Mann–Kendall test was applied to determine the trend of climatic variables, crop evapotranspiration and water footprint. The results showed that the highest precipitation values were registered in the northwest governorates (Alexandria followed by Kafr El-Sheikh). The potato water footprint decreased from 170 m3 ton−1 in 1990 to 120 m3 ton−1 in 2016. The blue-water footprint contributed more than 75% of the total; the remainder came from the green-water footprint. The findings from this research can help government and policy makers better understand the impact of climate change on potato crop yield and to enhance sustainable water management in Egypt’s major crop-producing regions to alleviate water scarcity.
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1. Introduction


Water use assessment is one of the most attractive topics in hydrological sciences because of climate change and water scarcity. Egypt is one of many arid countries where precipitation and groundwater contribute only 1.18 and 9.03%, respectively, to the annual water supply [1], the Nile River being the main source [2]. Total annual water from the Nile is 55.5 billion m3 [3], which represents 72.64% of Egypt’s annual water supply. Of this, the agricultural sector, which accounts for 12% of Egypt’s annual GDP, consumes 81.6% [4]. Water scarcity in not limited to Egypt: 1.8–2.9 billion people face severe water scarcity for 4–6 months of the year, and about half a billion people face severe water scarcity all year [5]. Meanwhile, the water consumption by intensive agriculture has shown an increasing trend during the last five decades in Egypt [6]. To preserve the quantity and quality of water, effective water management in arid regions has received more attention as has evaluation of agricultural water consumption.



During the past decade, several studies have assessed the impact of water shortage on crop yield, especially crop morphology and physiology [7,8,9,10]. However, there have been no investigations into the response of crop production to water shortages [9,11,12]. Several studies have investigated the effect on agriculture water resources and water use efficiency [13,14,15]. Climate change has had a profound effect on water usage and crop yield [16,17,18]. A climate change sensitivity analysis showed that a temperature rise of 1–4 °C decreased wheat yield by 17.6%. However, elevated atmospheric CO2 concentrations increased the yield and mitigated some of the negative temperature responses. A sea level rise of 2.0 m would reduce the extent of agricultural land on the North Nile Delta by ~60%, creating an additional challenge to wheat production [19]. Therefore, it is necessary to introduce a quantifiable indicator to measure the relationship between crop yield and water use [20,21]. To study the relationship between agricultural water consumption and water availability, several assessments have been conducted on water use efficiency, water scarcity and water footprint (WF).



Xu et al. [22] noted that water footprint, scarcity, and productivity are the main indicators for evaluating sustainable irrigated agriculture. However, it has been documented that WF is practical and more credible in comparison with the other methods [22,23,24]. It is a multi-dimensional measure of direct or indirect freshwater consumption by a producer or consumer and helps to analyze the relationship between water consumption and industry [25]. The WF comprises green and blue components that refer to precipitation and irrigation water, respectively. Based on the WF evaluation, the sustainability of water resources can be assessed, and the relationship between water consumption and crop yield can be evaluated [26]. Moreover, it can be assessed based on limited data on surplus water, deficit irrigation, and crop water consumption [27].



WF was originally introduced by Hoekstra [28], but the concept has been developed within the life-cycle assessment framework [29,30]. For example, in 2013 the international standard (ISO) reported that the WF is a useful indicator for measuring the water appropriated for human activity by assessing the amount consumed and the impact on water quality [31]. WF assessment involves data collection and development of inventory analyses to point out the relationship between water use and crop yield [32]. Thus, WF is a vital tool for representing both water-use and crop-production efficiency. Recently, the evapotranspiration colors of green and blue were introduced in agricultural water management assessment [33]. Green-water evapotranspiration (ETgreen) is the sum of rainwater stored in the soil that is available for crop evapotranspiration, which is similar to effective precipitation (Peff) [34]; blue-water evapotranspiration (ETblue) is the irrigation water drawn from groundwater aquifers and surface water during the growing seasons [35].



In Egypt, potatoes represent 18.90% of the total vegetable area planted. Annual production of 5.029 million tons represents 25.11% of Egypt’s total vegetable production [36]. Winter potatoes rank first in vegetable exports for a total value of USD 147.15 million or 5.18% of Egypt’s total 2016 agricultural exports [37,38,39].



Climate change in recent decades has affected crop yields and caused fluctuations in the WF over time. A few local studies have compared the temporal variation of the WF with crop yield [40,41,42,43]. Therefore, the aim of this study was to investigate the impact of climatic change on potato evapotranspiration and evaluate the response of the potato water footprint to climate change from 1990 to 2016.




2. Materials and Methods


2.1. Study Area


The Nile delta is a large region in northern Egypt that discharges into the eastern Mediterranean Sea. It accounts for nearly 2% of the total area of Egypt, with a cultivated area of 1.83 × 106 ha. The study area covers 10 governorates (Alexandria, Al-Beheira, Al-Dakahlia, Damietta, Al-Gharbia, Al-Ismailia, Kafr El-Sheikh, Al-Monofia, Al-Qalyubia, and Al-Sharkia) as shown in Figure 1.



Table 1 shows the geographical coordinates and areas of the governorates, ranging from 30.2 to 31.55° N and 29.95 to 32.23° E, and at an altitude of −103 m below sea level to 490 m above sea level. During the summer, the delta records the highest temperatures in July and August reaching 34 °C. In winter, the temperature ranges from 9 to 19 °C. The annual rainfall is 100–200 mm, which generally occurs in winter, classifying Egypt as an arid region [44]. The agricultural sector consumes about 85% of the total freshwater. The potato was selected for this study as it is the most important winter crop and ranks as the most exported vegetable at the local level for quantity, importance, and usage in the food industry.



The potato variety in the study was Solanum tuberosum L. cv. Spunta. The tuber is characterized by a long oval shape, very shallow-to-shallow eye depth, very low dry matter, and high yield. The potatoes were sown at a depth of 10 cm in raised ridges prepared in the third week of October with a tuber and ridge spacing of 20 × 75 cm. The base width and height of the ridges were kept at 60 and 30 cm, respectively.




2.2. Data Sources


The historical daily data of maximum (Tmax) and minimum (Tmin) temperature, precipitation (P), wind speed (WS) and dew point (TDew) from 1990 to 2016 on a 0.5 × 0.5-degree grid were retrieved from NASA Prediction of Worldwide Energy Resources (https://power.larc.nasa.gov/data-access-viewer/, accessed on 15 April 2022) [45,46]. Potato yield data from 1990 to 2016 were collected from the agriculture directorates of the governorates, Economic Affairs Sector, Ministry of Agriculture and Land Reclamation.




2.3. Crop Evapotranspiration


The reference evapotranspiration (ETo) was based on the Penman–Monteith equation [47], which is recommended by the Food and Agriculture Organization (FAO) [48,49,50] and has been successfully used by Allen [51,52,53,54]. It is also the most widely used for water footprints [55,56,57]. The ETo calculator software (http://www.fao.org/land-water/databases-and-software/eto-calculator/en/, accessed on 15 April 2022) was used with meteorological data as inputs.



The calculation of the green and blue WFs followed the methods and procedures in the FAO Irrigation and Drainage Paper No. 56, which requires the calculation of the daily crop evapotranspiration (ETc, mm) and effective precipitation (Peff, mm) during the growing period [58]:


    ET  c  =    ET   o  ∗   K  c   



(1)






   P  eff   =  {         P i   (  4.17 − 0.2  P i   )    4.17        P i  < 8.3       4.17 + 0.1      P   i       P i  ≥ 8.3      }   



(2)




where Pi [mm] is the precipitation during the growth period (mm) and Kc is the crop coefficient.




2.4. Water Footprint Calculations


WF is divided into three classifications: green, blue and grey water [45]. Following the terminology of Hoekstra [28], the water footprint of the crop season (WFc) is the sum of the green (    WF   green    ) and blue (    WF    blue       ) components and is generally expressed in m3 ton−1, which is equivalent to L kg−1 as:


    WF   tot   =      WF    green   +   WF    blue       



(3)






    WF   green   =     CWR   green    Y   



(4)






    WF   blue   =     CWR   blue    Y   



(5)




where WFtot is the total water footprint m3 ton−1; Y is the crop yield (ton ha−1), and CWR is the crop water requirement (m3 ha−1). Even though, there are three types of WF, in our study we focused on the green and blue because we were working on a regional scale, and grey WF needs field measurements, which is difficult on a large scale.



The green and blue crop water requirements (CWRs) were calculated by the accumulated daily evapotranspiration (ET) over the whole growing period [55]:


    CWR   green   = 10 ∑   ET   green    



(6)






    CWR   blue   = 10  ∑    ET   blue    



(7)




where ET is the daily evapotranspiration (either green or blue) in (mm). ETgreen and ETblue, the green and blue crop water usage (CWU), were calculated by multiplying effective precipitation and evapotranspiration by 10 over the growing season.




2.5. Spatiotemporal Trend Analysis


The Mann–Kendall test was applied to determine the trend (monotonic upward or downward) of the climate parameters [48,58,59,60,61]. Inverse distance weighting (IDW) had the lowest mean error among the common interpolation methods. In this study, an IDW algorithm with highly variable data analysis was applied to arrive at the lowest mean error compared to common interpolation methods. As a moving average interpolator, it is usually applied to highly variable data. Furthermore, IDW was simple and quick because it did not require the preliminary modeling step of a variance distance relationship [48].





3. Results and Discussion


3.1. The Spatiotemporal Changes of Climate Variables (1990–2016)


Climatic variables are the most important factors influencing water resource management, and their temporal variations fluctuated over the study area from 1990 to 2016 (Figure 2). The lowest and highest seasonal values of effective precipitation were observed in 1990 (16 mm) and 2016 (82 mm), respectively.



Furthermore, the average seasonal effective precipitation was 35 mm year−1 with a decreasing trend of 0.5 mm decade−1. With respect to the minimum temperature, the lowest and highest recorded growing-season values were 2010 (11 °C) and 2011 (14 °C), respectively, which had a mean value of 13 °C. The minimum and maximum temperatures showed a significantly increasing trend of 0.01 °C decade−1 and 0.02 °C decade−1, respectively.



The highest wind speed of 3.5 m s−1 was recorded in the 1991 season, while the lowest value of 2.5 m/s was recorded in 1990, but a decreasing trend of −0.1 m s−1decade−1 was mild. Growing season relative humidity decreased from 65% in 1991 to 59% in 2014 with a slightly declining slope of 0.8% decade−1. The trend of ETc significantly increased at a rate of 7 mm decade−1 with significant fluctuations during the study period.



The spatial distribution of the climate parameters showed differences in effective rainfall between the northern and the southern study areas (see Figure 3a). The northern areas experienced larger variability. The northwest had a high rate of effective precipitation, particularly northeast of Alexandria, ranging from 68 to 100 mm, followed by the northern governorates of Kafr El-Sheikh (49–67 mm), and eastern Damietta (36–48 mm). On the other hand, the southern governorates (Al-Menoufia and Al-Qalyubia) had the lowest rate of effective precipitation (20–35 mm), as also reported by Elbeltagi et al. [34]. The maximum precipitation was observed in Alexandria during the winter (114.96 mm) followed by Kafr El-Sheikh (47 mm). Wind speed increased from 2.6 ms−1 in the southern governorates to 4.3 ms−1 in the northern (see Figure 3d). Interpolated data displayed the highest relative humidity in the Alexandria governorate of about 67% with the lowest value of 58% in the southern governorates (see Figure 3e). Significant increases in Tmax, and Tmin, as shown in Figure 3b,c, were the main factors for the increasing ETc as seen in Figure 3f. In addition, lower relative humidity and wind speed played a vital role in the decreasing trend of ETc from 1990 to 2016. The maximum value of ETc of 310 mm during the potato growing season occurred in the southern governorates followed by 290 mm in the middle governorates and the lowest value of 250 mm in the northern governorates. It was concluded that ETc increased from south to north as observed by Elbeltagi et al. [34].




3.2. Response of ETc to Climate Parameters


The correlation coefficients between ETc and the climatic parameters (Tmax, Tmin and wind speed) were positive (Figure 4). The highest correlation coefficient was 0.79 between ETc and Tmax and 0.66 between ETc and Tmin, while wind speed had very low positive correlations with ETc. Because the growing period is in the winter, relative humidity and effective precipitation had low correlations with ETc. Relative humidity had the highest negative correlation coefficient of −0.86 with ETc, and the effective precipitation had the second- highest negative correlation coefficient of −0.63 with ETc. From an analysis of the correlation coefficients, all the climatic parameters had an impact on ETc, with Tmax having the highest, followed by Tmin and wind speed.



The results showed that changes in the rate of increase in Tmax and Tmin were greater than that of wind speed, which resulted in an increased change in ETc. Nevertheless, the meteorological parameters affected the spatial distribution of ETc [60,61]. A significant increase of Tmax, Tave, and Tmin, and decrease in relative humidity were the main reasons for the increased ETo [47]. Furthermore, potato production wsa strongly influenced by water availability, as the crop is very sensitive to water stress [62] as even brief periods affect both yield and tuber quality [63]. Any changes in climate, such as increased summer temperatures or changes in seasonal rainfall could have a dramatic impact on production and water requirements [64].




3.3. Potato Yield Variations from 1990 to 2016


Temporal changes in potato yield fluctuated over the study area, and changing the cropping areas was a main reason. As shown in Figure 5, all governorates reported the lowest yield during 1990–2000, but then increased gradually till 2016. The results showed that Alexandria recorded the highest yield (33.32 ton ha−1) in 2009 (Figure 5a), while for Al-Sharqiyah it was 34.986 ton ha−1 in 2003 (Figure 5b), followed by Kafr El-Sheikh (34.8 and 33.56 ton ha−1 in 2009 and 2013, respectively) and Al-Qalyubia with 34.75 ton ha−1 in 2016 (Figure 5c). For Damietta and Al-Menoufia, the lowest recorded potato yield of 10.71 ton ha−1 occurred in 1996 and 2015, respectively, while for Al-Qalyubia, it occurred in 2000.



Global potato production has increased by about 20% since 1990 although production is still 50% below that of wheat, maize, and rice [65]. Global production is skewed toward the northern hemisphere, especially Europe, which has around 50% of the global growing area and relatively high yields [65,66]. Asia is now catching up to Europe as a major producer, with India, Bangladesh, and China increasing yields and growing area [65]. Africa has also seen an increase in potato growing area since 1990 [65]. Temperature is the most important climatic variable determining duration, but the relationship of climate variables to duration in the developmental stages weakens after tuber initiation [67].




3.4. Spatiotemporal Distribution of the Agriculture Water Footprint


Alexandria had the greatest average green-water footprint from 1990 to 2016 due to its high rate of effective precipitation and lower potato yield. The green-water footprint was approximately 40 m3 ton−1. On the other hand, the governorates in the southern parts of the study areas recorded the lowest green-water footprint (~12 m3 ton−1) due to low precipitation rates (Figure 6a). Our estimated green WF (12 m3 ton−1) was a little lower than the estimated value (15.8 m3 ton−1) of [68]. This discrepancy might be explained by different climatic conditions. Green water is an important resource that needs to be taken into account to achieve better water-use sustainability in agricultural production [69,70]. It was observed that almost all of the stations in the governorates demonstrated significant trends. The maximum blue-water footprints in Damietta and Al-Menoufia were almost 150 m3 ton−1 due to the high crop water requirement and low yield, while the minimum was 100 m3 ton−1 in the middle of Al-Sharqiyah, Kafr El-Sheikh, and some areas of Al-Ismailiyah (Figure 6b). Our finding regarding WFblue was higher than that in the investigation of [71]. The global average consumptive blue WF for potatoes (33 m3 ton−1) comes from irrigated crop evapotranspiration. The results agreed with those of [72], who found a WF between 1 and 63 m3 ton−1 for WFgreen.



The difference in the blue and green WF estimates can be attributed to the different models used, study areas, and weather conditions. For example, the CROPWAT model was used by [73], whereas [40] used the water-balance approach. The WF of crop production depends on two factors: water use and yield. In the lower parts of the study area, the blue-crop water requirement was relatively high; at the same time, the green-crop water requirement was much lower, making the irrigation water one of the highest. The average potato water footprint was 150 m3 ton−1 (Figure 7a). The blue-water footprint contributed more than 75% of the total water footprint, while the green-water footprint contributed less than 30% (Figure 7b). In the life-cycle assessment-based methods of water footprints, the impact of green-water consumption is negligible because, regardless of the system, it is used by both production and natural ecosystems [74,75]. WFblue contributes a large percentage to the total water footprint of Egyptian crops [71].



The potato fields in all regions were nearly 100% irrigated, making the blue-water footprint high. In irrigated agriculture, blue water usually makes a significant contribution to total water consumption, the largest being in arid and semi-arid regions [76]. There was a strong negative relation (R2 value = 0.84) between productivity yield and WF, which showed a significant increasing trend of 2.9 m3 ton−1 (Figure 8). These findings were consistent with the work of [71], who documented that the WF of a specific crop depends mainly on agricultural management, not agroclimatic factors. The field experiments of Brauman et al. [77] reported that using high-yield cultivars increased crop-water productivity and caused a decline in water consumption [77]. Increased crop yields were responsible for the significant reductions in the WF of crops [41]. Figure 9a explains that the highest blue-water footprint in Damietta and Al-Menoufia was the result of decreased yield and low crop evapotranspiration. Although Al-Sharqiyah recorded the largest crop evapotranspiration value, its blue-water footprint was the lowest because it had the highest yield. Alexandria has the largest green-water footprint as a result increased effective precipitation, while Al-Qalyubia had the lowest green-water footprint because of very low effective precipitation and high yield. According to previous studies, a decrease in WF is more significantly related to increased yields than to minimum evapotranspiration [76,77,78].



Figure 9b shows that as the crop yield increased the total water footprint decreased. The year 2016 achieved the minimum total water footprint because of high yield. To sustain blue-water resources, water use should be increased in both irrigated and rainfed areas to improve crop yields.





4. Conclusions


The water footprint of crops is one means of integrated water management as it helps save water to obtain the highest efficiency of use and the highest return from one cubic meter of water. Therefore, this study investigated the impact of climate change on potato yield and water footprint in the Nile Delta, Egypt, from 1990 to 2016.



Among the main conclusions, the spatial distribution of the climate parameters showed that the highest precipitation was reported in Alexandria followed by Kafr El-Sheikh during the winter. By contrast, the maximum ETc was recorded in the southern followed by the middle governorates, and the lowest was in the northern governorates.



The potato water footprint in the Nile Delta decreased from 170 m3 ton−1 in 1990 to 120 m3 ton−1 in 2016. The blue-water footprint contributed more than 75% of the total water footprint, while the green-water footprint contributed less than 25%. The decrease in the potato water footprint in the Nile valley was the result of a shift from surface irrigation to pressurized irrigation, especially pivot irrigation.



Because of its importance as an industrial and export crop to investors, potato growing has been allocated large areas of land in the desert backwater of the Delta governorates. However, pressurized irrigation allows for great control of the amount of water and fertilizer used. Together with the effective use of mechanization, the quantity and quality of production increased; water loss was lower; and the water footprint of the winter potato crop was reduced.



The findings from this research can help the government and policy makers to mitigate the impact of climate change on crop yield and enhance sustainable water resource management in Egypt for major crop-production regions.
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Figure 1. Location of the study area and the meteorological stations. 
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Figure 2. Seasonal variations from 1990 to 2016: “(a)” effective precipitation, “(b)” min. temperature, “(c)” max. temperature, “(d)” wind speed, “(e)” relative humidity, and “(f)” crop evapotranspiration. 
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Figure 3. Spatial distribution of “(a)” effective precipitation, “(b)” max. temperatures, “(c)” min. temperature, “(d)” wind speed, “(e)” relative humidity, and “(f)” crop evapotranspiration. 
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Figure 4. Correlation matrix between max. temperature, min. temperature, wind speed and relative humidity. 
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Figure 5. Time evolution of the potato yield in the 10 governorates from 1990 to 2016. 
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Figure 6. Spatial distribution of the agriculture water footprint from 1990 to 2016: “(a)” WFgreen, and “(b)” WFblue. 
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Figure 7. Agriculture water footprints from 1990 to 2016: “(a)” WFblue and WFgreen annual component values and “(b)” their relative percentage composition of the annual total. 
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Figure 8. Relationship between yearly crop yield and yearly WF from 1990 to 2016. 
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Figure 9. For 1990 to 2016: “(a)” averages of WFblue, WFgreen, yield, ETc and Peff for each governorate, and “(b)” the time series of total water footprint, yield and ETc. 
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Table 1. The geographical coordinates and areas of the study governorates.
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	Governorate
	Area (km2)
	Latitude (°N)
	Longitude (°E)





	Alexandria
	2679
	30.2
	29.95



	Al-Beheira
	10129
	30.65
	30.7



	Al-Dakahlia
	3471
	31.00
	31.45



	Damietta
	589
	31.42
	31.82



	Al-Ismailiyah
	1442
	30.58
	32.23



	Al-Gharbia
	1942
	30.82
	30.93



	Kafr El-Sheikh
	3437
	31.55
	31.08



	Al-Sharqiyah
	4180
	30.58
	31.50



	Al-Monofia
	1532
	30.60
	31.02



	Al-Qalyubia
	1001
	31.05
	30.22
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