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Abstract: The importance of water footprint (WFP) is providing information 

related to water resource management, especially for countries that have wa-

ter scarcity and rely on irrigation to enhance food security. A field experi-

ment was conducted during two winter seasons in 2018, and 2019. The cur-

rent study sought to evaluate the impacts of various nitrogen levels (1.N1: 

120, 2.N2: 150, and 3.N3: 180 kg /fed) on potato production as well as the 

water footprint and water requirement. Vegetative characteristics, yield pa-

rameters, N contents, and climate data were measured.  The obtained results 

are clarified that increasing the nitrogen rate up to 180 kg/fed led to increase 

the vegetative growth characteristics, yield parameters, and water footprint of 

potato crop. The most significant vegetative growth values were obtained 

using a 180 kg/fed nitrogen level followed by 150 kg/fed. The greater mar-

ketable tuber yield was recorded at 180 kg/fed with 18117 & 17753 Kg/fed 

values, followed by 150 kg/fed with 16864 and 16545 Kg/fed values for the 

first and second seasons respectively. The water footprint of potato in Egypt 

ranges from 237 to 267.8 for nitrogen levels of 120 kg /fed and 180 kg /fed. 

 

 

1 Introduction 

 

Potato is the fourth farmed crop globally, taken 

the place after the main cereal crops (Hailu and 

Mosisa 2019). It is classified as a tubers food 

commodity (Rykaczewska 2013). Potato tubers 

are swollen, starchy tubers that grow under-

ground. Potato are one of the most important con-

sumed crop food for hundreds millions of people 

worldwide (FAO  et al 2017). The potato produc-

tion about 388191 thousand tons of potatoes are 

produced in all the world annually, contributing to 

food security. In Egypt, potato crops occupied 

175,161 Fadden and produced 5, 07 8,374 kg of 

tubers in 2019 (FAO 2019). 

In developing countries, potato is one of the cheapest 

nutrient sources, including proteins, vitamins C and B, 

polyphenols and carotenoids, thus playing a funda-

mental role in food security and ensuring income 

(Abebe et al 2017). Potatoes can be used to make eth-

anol, which is utilized in the paper industry, as well as 

to offer raw materials for the chemical industry (FAO  

et al 2017). 

Nitrogen fertilizer enhances the canopy growth, 

like a plant length, number of shoots/plant, leaf area, 

dry matter and tuber yield (Sincik et al 2008). Nitro-

gen considers one of the essential nutrients for metab-

olism activity. It is needed for most important compo-

nents, such as amino acids, nucleic acids, amino acids, 

and chlorophyll content (Najm et al 2012). Proper  
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nitrogen application can result in optimal shoot 

growth and, as a result, increased tuber output. 

Increases the level of nitrogen in the plant growth 

parameters rather than tuber production, causing 

potato maturity to be delayed (Kumar et al 2007), 

and quality of tuber reduce (Zebarth and Rosen 

2007). Moreover, (Ahmed et al 2009) reported 

that different nitrogen fertilizer rates influenced 

vegetative, yield, marketable tubers, and quality 

of tuber . 

The agricultural water footprint measures wa-

ter usage in agriculture by considering three water 

types used by crops: rainfall (green water), irriga-

tion from diverse water resources (blue water), 

and water used to dilute pollutants (gray water). 

Each component of the overall water footprint is 

geographically and chronologically defined. Pre-

vious investigations on the leaching of agricultural 

chemicals during crop cultivation identified ni-

trate-nitrogen as the primary contaminant. The 

intensity and loads of pollutants are negligible, 

and their concentrations are often lower than the 

disclosure limit of available testing procedures 

(Mekonnen et al 2011). Furthermore, the nitrate-

nitrogen form would be the primary freshwater 

contaminant in water footprint analyses under var-

ious agricultural systems (Hoekstra et al 2011). 

The gray water footprint balance is based mostly 

on a straightforward assumption, which yields the 

N lost through leaching from fertilizer. As a re-

sult, difficulties are discovered by monitoring ni-

trate leaching and water resource pollution 

(Chapagain et al 2006). 

The gray water footprint is an important indi-

cator of the quality of different freshwater sup-

plies and their influence on land use. The results 

reveal that assuming almost ten percent of N in-

jected is leaching in the treated wastewater foot-

prints balance of such a cropping system is erro-

neous. A validation approach with precise meas-

urements is required for gray water footprint bal-

ance (Hoekstra et al 2011). The study aimed to 

determine the effects of different N levels on pota-

to production as well as estimate the water foot-

print for potato production. 

 

2 Materials and Methods 

 

2.1 Experimental site 

 

The study was conducted during two succes-

sive winter seasons (2018 and 2019) in the Central 

Laboratory for Agricultural Climate (CLAC),  

Agriculture Research Centre, Dokki, Giza, Egypt. 

2.2 Plant materials  

 

The potato tubers (Solanum tuberosum L.) cv. 

Spunta, originated in Denmark, with an average size 

of 35/60, and was treated with fungazilTM-100. Pota-

to tubers were sprouted for about 10 days before culti-

vation under a well-aerated and shading area to guar-

antee sprouting and planting on January 18th and 20th 

in 2018 and 2019, respectively. The plants were 

grown in rows of 0.75 m between every two rows. The 

distance between in-row plants was 0.50 m.  

 

2.3 The experimental treatments  

 

The present experiment involved three nitrogen 

levels (N1: 120 kg/fed, N2: 150 kg/fed, and N3: 180 

kg/fed. Ammonium nitrate (33% N) was the nitrogen 

source used in this study. Nitrogen application was 

applied via drip irrigation using a venturi injector dur-

ing the two growing seasons. 

 

2.4 Soil samples 

 

Soil samples were collected two weeks before cul-

tivation. The physical and chemical properties were 

measured according to (Gee and Bauder 1986). The 

physical analysis was measured using the international 

pipette method, summarized in (Table 1). The satura-

tion point % (SP), field capacity % (FC), wilting point 

% (WP) and bulk density (g/cm3) (BD) of the soil 

samples were estimated according to Grewal (1990).  

Chemical analysis of the soil, including the electrical 

conductivity (EC), pH and nutrient contents, was  

determined according to Westerman (1990). 

 

2.5 Estimate the water needs of potatoes in two  

seasons 

 

The Central Laboratory for Agricultural Climate 

(CLAC), ARC provided the climatic data of Dokki 

experimental site (Table 2). The sum and average 

monthly weather parameters were measured and rec-

orded by automated agro-metrology station model 

(iMetos 2, made in Austria, EU) during the two culti-

vated seasons, averages of total solar radiation 

(MJ/m2), minimum and maximum temperature (°C), 

minimum and maximum relative humidity (%), wind 

speed (m/s), total precipitations (mm), minimum and 

maximum soil temperature (°C) at 30 cm depth), dur-

ing the two consecutive season. The evapotranspira-

tion (ETo) during the experimental period was esti-

mated by using the Penman–Monteith equation (Allen 

et al 1998). Total crop water used for potato in two 

seasons 2018 and 2019 was recorded in (Table 3). 
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Table 1. Chemical and physical analyses of the soil sample at the Dokki experimental location 

 

Soil depth Chemical properties 

ECe 
mmohs 

pH Ca++ 

meg/L 

Mg++ 

meg/L 

Na+ 

 meg/L 

K+  

meg/L 

HCO3- 
meg/L 

Cl-
 

meg/L 

 

0 – 30  

   Cm 

2.21 7.6 5.23 1.9 8.1 4.34 2.7 9.0 

Physical properties 

Sand 
% 

Clay 
% 

Silt 
% 

Texture SP 
% 

FC 
% 

WP 
% 

BD 

g/cm3 

15.4 77.0 7.6 Clay 34.7 23.2 15.8 1.23 

  * SP =  saturation point 

  * FC =  field capacity 

  * WP =  wilting point 

  * BD = bulk density 

 

Table 2. Climate data for Dokki–Giza in two seasons 2018 and 2019 

 

 

Table 3. Total crop water used for potato in two seasons 2018 and 2019 

 

Month ETo 

2018 

ETo 

2019 

Kc 

 

CWU 2018 

m3/fed 

CWU 2019 

m3/fed 

Jan16–31 3.07 3.40 0.50 32 36 

Feb 1–15 3.55 3.65 0.80 75 77 

Feb 16–28 4.60 4.28 0.90 118 110 

Mar1–15 5.66 4.91 1.15 258 224 

Mar16–31 6.20 5.77 1.00 306 284 

Apr1–15 6.75 6.63 0.90 321 315 

April16–31 7.58 7.93 0.75 320 335 

May1–15 8.41 9.23 0.60 89 98 

Total  1519 1479 

* ETo = Evapotranspiration (mm/day) 

* CWU = crop water use 

* Kc = crop coefficient 

 

Month 

Temperature 
Relative 

humidity 
Wind 

Speed 

(m/s) 

Solar Radiation 

(MJ/m2/day) 

Precipitation 

(mm/day) 

sun shin 

duration 

(h) 
Max  

(°C) 

Min  

(°C) 
 (%) 

2018 

Jan 19.1 7.7 68.3 2.8 11.6 29.8 7.8 

Feb 22.8 10.1 57 2 10.5 5.15 8.2 

Mar 28.7 11.7 42.3 2.4 19.9 1.12 8.8 

Apr 30.9 14.2 41 2.6 23.3 28.49 9.6 

May 35.6 19.2 38 3.1 24.7 0.0 11.2 

2019 

Jan 18.8 6.2 50.1 2.9 12.6 2.21 7.8 

Feb 21 7.5 53.1 2.5 14.5 5.5 8.2 

Mar 23.7 9 51.5 2.9 18.5 10.98 8.8 

Apr 28.2 12.4 43 3.1 22.1 1.88 9.6 

May 36.8 17.8 29.2 3.3 26.4 0.0 11.2 
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The effect of climatic factors on germination 

of potato tuber seed and the number of germinated 

hills and seedlings per plot were detected 30 days 

after each cultivation date for germination of 50 

%.  
 

2.6 Vegetative growth characteristics 
 

Plant  height (cm), number of shoots per plant, 

and number of leaves per plant, average leaf area 

(cm2), and total chlorophyll content (using digital 

chlorophyll meter (Spad)) were measured after 60 

days and 90 days from the cultivation of seed tu-

bers. Total chlorophyll content was measured in 

the fourth leaf according to Moran and Porath 

(1980).  
 

2.7 Tubers yield parameters 

 

No. of tubers /plant, total yield (g) /plant, tu-

bers yield (ton/fed.) beside marketable tubers, 

unmarketable tubers (ton/fed and %).  

 

2.8 Tubers quality  

 

The specific gravity of the potato tubers was 

determined using the method described by Tuhin 

et al (2017)  
 

 

 

2.9 Water footprint calculation 

 

2.9.1Green water footprint (GWF)  

 

GWF was calculated as the ratio of the volume 

of rainfall water used for tuber production, CWUg 

(m3 / fed.), to the quantity of tuber produced and Y 

(ton /acre). 

 

 

 

 

CWUg = the ratio of the rainfall volume used for 

tuber production 

Y = yield ton /fed.  

 

2.9.2 Blue water footprint (BWF) 

 

The blue water footprint (WFproc, blue, 

m3/ton) was calculated as the irrigation water of 

crop water use (CWUblue, m3/ha) divided by the 

potato tuber yield (Y, ton/ha). The amount of irri-

gation water (WFproc, m3/ton) was calculated accord-

ing to the following formula proposed by Hoekstra et 

al (2011) as follows: 

 

 

 

  

CWU blue, irrigation requirement  

Y yield ton /fed  

 

2.9.3 Gray water footprint (GWF) 

 

GW was determined according to proposed formu-

la by Hoekstra et al (2011). The formula quantifying 

the necessary water required to leach the nutrients that 

reach ground water or surface water. Nonpoint source 

contamination of surface and subterranean water is 

mostly caused by agricultural natural drainage fields. 

 

 
GWF = gray water footprint 

f = fraction of nitrogen element that leaches or runs 

off  

Ln = N fertilizer application rate 

Cn,max = maximum acceptable level of nitrogen ele-

ment 

Cn,nat = natural  level of nitrogen element 

Y = actual crop yield 

 

2.10 The Experimental design 

 

A randomized complete block design was used for 

arranging the experiment factors. The experiment con-

tains three treatments, and each contains three repli-

cates. 

 

2.11 Statistical analysis 

 

All experiment data were statistically analysed us-

ing the SAS programme (SAS User's Guide: Statistics, 

SAS Institute Inc. Editors, Cary, NC). According to, 

the differences between means factors for all traits 

were assessed for significance at the 5% level (Waller 

and Duncan, 1969). 

 

3 Results and Discussion 

 

3.1. The effect of N levels on the vegetative growth 

 

The effects of different nitrogen treatments on veg-

etative growth characteristics of potato are illustrated 

Specific gravity= 
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in (Table 4). Increasing nitrogen levels, increased 

vegetative growth characteristics. The nitrogen 

level (180 kg/fed) resulted in the highest vegeta-

tive growth followed by the 150 kg/fed level. The 

lowest vegetative growth was obtained by 120 kg 

N per feddan. 

  These results are consistent with Saeidi et al 

(2009) who showed that increasing nitrogen ap-

plication increases growth parameters, including 

tuber, up to a definite point, but beyond that, they 

decrease. This may be attributed that vegetative 

growth could be raised, therefore, prevent the 

transfer of photo-synthetically matter into the tu-

bers. Mukta et al (2015) reported that increasing 

nitrogen fertilizer up to an appropriate level had a 

direct relationship with yield per area unit. 

 

3.2 The effect of N levels on yield 

 

Data presented in (Table 5), showed the ef-

fects of N levels on marketable, unmarketable, 

and total yield through the two seasons investigat-

ed. Increasing N rates from 120 to 180 kg/fed in-

creased total yield and marketable yield during the 

two studied seasons, with significant differences 

among nitrogen treatments. The highest marketa-

ble yield was obtained at 180 kg N per fed. with 

values of 18117 and 17753 Kg/fed., for the 1st and 

2nd seasons, respectively. Using 150 N per fed. 

came in the second order with 16864 and 16545 

Kg/fed for the 1st and 2nd seasons, respectively.  

The lowest marketable yield was obtained at 120 

kg/fed with 15552 and 15355 Kg/fed values for 

the 1st and 2nd seasons, respectively. The highest 

unmarketable yield was obtained at 120 kg/fed 

with values of 1240 and 1219 Kg/fed., for the 1st 

and 2nd seasons, respectively, followed by 150 

kg/fed with values of 1090 and 1050 Kg/fed for 

the 1st and 2nd seasons, respectively. The lowest 

unmarketable yield was obtained at 180 kg/fed 

with 980 and 940 Kg/fed values for the 1st and 2nd 

seasons, respectively. 

According to Marguerite et al (2006) increas-

ing applied nitrogen fertilizer to an appropriate 

amount enhanced tuber output per unit area. Ac-

cording to Farag et al (2014) the protein content 

of tubers increased linearly as nitrogen levels in-

creased. The considerable impact on protein per-

centage of tubers could be attributed to nitrogen's 

crucial role in plants, which is directly or indirect-

ly tied to protein synthesis. Erdoğan et al (2010) 

revealed that raising nitrogen dose significantly 

increased the protein in tubers. 

 

3.4 The effect of different N- levels on nutrient con-

tent (%) 

 

The effects of Nitrogen levels on the nutrient per-

centage of potato leaves are presented in (Table 6). 

Data revealed that increasing N from 120 kg/fed to 

180 kg/fed increased in N percentage of potato leaves 

content from 4.35% to 4.99%. The highest nutrient 

content was gained at 180 Kg/fed followed by 150 

Kg/fed with significant differences between the all 

seasons. The lowest nutrient content of potato leaves 

was obtained at 120 Kg/fed with 4.350% and 4.416% 

values in first and second seasons, respectively. The 

same results were reported by McPharlin et al (2005) 

who found that applied nitrogen at 200 kg /fed signifi-

cantly increased the nitrogen content percentage and 

uptake (kg/fed) potato aerial parts and tubers.  

 

3.5 Estimation of the blue water footprint 

 

Table 7 shows the crop water use (CWU) and crop 

yield and blue water footprint value. The lowest blue 

water footprint value for potato in two seasons (2018 

and 2019) were 78 and 78, 2 m3/ton for the first and 

second seasons, respectively, at a nitrogen level of 

180Kg/fed, and the highest potato blue water footprint 

were 91, 9 and 90, 8 m3/ton for the first and second 

seasons, respectively, at a nitrogen level of 120Kg/fed. 

The average nitrogen levels of 120,150 and180 Kg/fed 

were calculated, and the values were 78, 84.3, and 91 

m3/ton, respectively, as potato blue water footprint 

values. 

 

3.6 Estimation of the gray water footprint (GWF) 

 

Table 8 shown that, the most important parameter 

in calculating (GWF) of potato is the fraction of N that 

leaches or runs off into surface waters. Mekonnen and 

Hoekstra (2010) consider the leaching rate to be ten 

percent of crop water requirements taken from previ-

ous literatures for all countries and crops. Unfortu-

nately, this is a broad assumption because leaching 

fraction f is affected by crop type, crop-specific nitro-

gen fixation, soil composition and conditions, agro-

meteorological factors such as precipitation, local cli-

mate and topography, and relief. Gray water is sensi-

tive to f value, according to the sensitivity study done 

herein, which included resuming the balance of the 

(GWF) for variant off values. 

Logically, the nitrogen level of 120 had the lowest 

gray water footprint for potato with 145.2 and 147 

m3/ton for the first and second seasons. In contrast, the 

nitrogen level of 180 had the highest potato blue water 
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Table 4. The effect of different (N) rates on vegetative characteristics of potato at 90 days during the two seasons 2018 

and 2019. 
 

Treatment 

First Season 2018 

Number of 

leaves 

number of 

shoots 

Plant 

height(cm) 

Chlorophyll 

(SPAD) 

Plant dry 

weight (g) 

Plant fresh 

weight (g) 

N 120 72.3  6.0  76.6  33.3  95.5  657.2  

N 150 78.3  7.6  81.6  37.3  113.4  736.8  

N 180 85.3  8.3  85.0  41.3  126.2  783.3  

L.S.D 4.88 1.76 4.66 3.82 40.32 6.23 

 Second Season 2019 

N 120 70.0  6.6  74.1  30.6  85.6  645.3  

N 150 75.0  7.0  79.1  34.3  97.8  708.8  

N 180 82.3 8.0 85.3 38.0 106.3 758.5 

L.S.D 4.66 1.49 4.89 3.51 44.85 11.61 
 

Table 5. The effect of different rates of (N) fertilization on total Marketable yield of potato tubers, unmarketable and 

total yield during two seasons, 2018 and 2019 
 

 

First Season 2018 

Marketable yield 

(Kg/fed.) 

Unmarketable yield 

(Kg/fed.) 
Total yield (Kg/fed.) 

N 120 15552 1240 16792 

N 150 16864 1090 17954 

N 180 18117 980 19097 

L.S.D 1249 76 100,66 

Second Season 2019 

N 120 15355  1219  16574  

N 150 16545  1050  17595  

N 180 17753  940  18693  

L.S.D 1224 74 92,55 
 

Table 6. The effect of different rates of nitrogen fertilization on nitrogen content in leaves during 

two seasons, 2018 and 2019 
 

Treatments 

Nitrogen content in leaves 

(%) 

Frist season (2018) Second season (2019) 

N 120 4.350  4.416  

N 150 4.736  4.716  

N 180 4.993  5.016  

L.S.D at 5% 0.245 0.1792 
 

Table 7. Blue water footprint assessment under Different Nitrogen rates in seasons 2018 and 2019 
 

N 120 

Year 
CWU 

(m3/fed) 

Yield 

(ton\fed) 

WF BLUE 

(m3/ton) 

2018 1519 16.5 91.9 

2019 1479 16.3 90.8 

Average 1499 16 91 

N 150 

2018 1519 17.9 84.6 

2019 1479 17.6 84.1 

Average 1907.5 17.8 84.3 

N 180 

2018 1519 18.9 78.0 

2019 1479 19.2 78.2 

Average 1479 18.972 78.0 

CWU irrigation requirement    WF BLUE Blue water footprint 
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Table 8. Gray water footprint assessment under different nitrogen rates in seasons 2018 and 2019 

 

 

Table 9. Total water footprint of potato under different nitrogen rates in seasons 2018 and 2019 

 

treatment 
Blue water Gray water water footprint 

First Season 2018 

N 120 91.9 145.2 237.08 

N 150 84.6 167.1 251.71 

N 180 78.5 186 264.47 

 Second Season 2019 

N 120 90.8 147.3 238.1 

N 150 84.1 170.5 254.6 

N 180 78.0 189.8 267.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1. The average blue water, gray water, and water footprint of potato under different nitrogen rates in seasons 2018 

and 2019 

 

footprint, measuring 186 and 189 m3/ton for the 

all seasons. These results agree with Luciana et al 

(2021) who reported that the dose of nitrogen was 

the main factor that affected gray water footprint. 

Delin and Stenberg (2014) reported that the essen-

tial source of freshwater contamination caused by 

fertilizers and surface run-off of P and N. Pollu-

tion levels are determined by a variety of factors, 

including soil texture, terrain, and, most im-

portantly, crop and farm management.  

 

3.7 Water footprint 

 

Data in Table 9 and Fig 1 illustrate the blue and 

gray water footprints and total footprint for different 

nitrogen levels in two seasons. The lowest value of 

water footprint was 181,5–184,1 m3/ton for first and 

second seasons, respectively, at a nitrogen level of 120 

Kg/fed and the highest value was (232,5 and 237,2 

m3/ton, for first and second seasons, respectively) at a 

nitrogen level 180 Kg/fed. These results agree with 

those of Hossain et al (2021) who discussed that toma-

Treatment 
Gray water footprint 

2018 2019 Average 

N 120 145.2 147 146.2 

N 150 167.1 170.5 168.8 

N 180 186 189 187.9 
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toes consumed 212.24 cubic meters of water for 

produce one ton and potato crop consumed 

226.3cubic meter per ton of tuber. According to 

Rodriguez et al (2015) the potato water footprint 

was 323.99 m3/ton in the southeast of Argentina. 

The evaporations use (irrigation and rainfall wa-

ter) was about 56 percentage. Mekonnen and 

Hoekstra (2010) found that the global average 

water footprint for potato is 287 m3 /ton. 

 

4 Conclusions 

 

In Egypt, the water footprint of potato ranges 

from 299 (nitrogen level of 120 kg/fed) to 336, 4 

(nitrogen level of 180 kg /fed). 

The positive relationship between nitrogen 

level and potato yield had a limit regarding the 

reverse response of excessive nitrogen fertiliza-

tion on potato growth and yield in general. In-

creasing nitrogen level increased the potato yield 

and water footprint; the grates gained yield was at 

a nitrogen level 180   Kilograms /fed. Nitrogen 

over-fertilization leads to an increased water foot-

print and production problems. 

The water footprint is a multidimensional indi-

cator that encompasses the water consumption and 

the volume and type of pollution produced by 

production processes.  
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