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Abstract: Intensive irrigation and nutrient management practices in agriculture have given rise to
serious issues in aquifer water depletion and groundwater quality. This review discusses the effects of
irrigation and nitrogen management practices on potato growth, yield, and quality, and their impacts
on water and nitrogen use efficiencies. This review also highlights the economics and consequences of
applying deficit irrigation strategies in potato production. Many researchers have demonstrated that
excessive irrigation and nitrogen application rates negatively impact potato tuber yield and quality
while also increasing nitrate leaching, energy consumption, and the overall costs of production. An
application of light-to-moderate deficit irrigation (10–30% of full irrigation) together with reduced
nitrogen rates (60–170 kg/ha) has a great potential to improve water and nitrogen use efficiencies
while obtaining optimum yield and quality in potato production, depending on the climate, variety,
soil type, and water availability. There is an opportunity to reduce N application rates in potato
production through deficit irrigation practices by minimizing nitrate leaching beyond the crop root
zone. The best irrigation and nitrogen management techniques for potato production, as discussed
in this review, include using sprinkle and drip irrigation techniques, irrigation scheduling based on
local crop coefficients, soil moisture content, and crop modeling techniques, applying slow-release
nitrogenous fertilizers, split nitrogen application, and applying water and nitrogenous fertilizers in
accordance with crop growth stage requirements.

Keywords: irrigation; nitrogen fertilizer; yield; quality; potato

1. Introduction
1.1. Background Information

The potato (Solanum tuberosum L.) is the fourth most important food crop in the world
in terms of production volume after corn, wheat, and rice, with China, India, Ukraine,
and the United States of America (USA) being the top four potato-producing countries
(Figure 1) [1]. In the USA, the annual potato production accounts for 18.5 million metric
tons and is valued at $4.17 billion, with Idaho and Washington as the two leading potato-
producing states (Figure 2) [2]. About 65% of the national potato production is used as
processed food, while another 23% is utilized for tablestock consumption (Figure 3) [2].
The majority of processed potatoes are used in making fries, canned forms (whole or
sliced, hash, stews, and soups), and chips. The potato is a nutritionally rich vegetable crop
consumed worldwide. It is a good source of vitamins (C, B3, B6, and B9) and minerals, like
potassium, iron, phosphorus, magnesium, calcium, zinc, etc. [3].
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performed in Japan reported that about 50% of farmers in the study applied higher nitro-
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Irrigation and nutrient management are crucial for the optimum yield and quality of
potato tubers [4,5]. Among various essential nutrients, nitrogen is a key macronutrient
that significantly affects potato crop yield and quality [4]. Hence, farmers are likely to
apply higher nitrogen doses intentionally to obtain a higher tuber yield. A recent study
performed in Japan reported that about 50% of farmers in the study applied higher nitrogen
rates than the recommended rates [6]. However, excessive nitrogen application rates reduce
nitrogen recovery and nitrogen use efficiency and increase the cost of production in potato
crops [7]. Hopkins et al. [8] demonstrated that potato production under a high-input-based
maximum yield management scheme had 1.7–13.2% higher fertilizer and pesticide costs
than research-based best management practices. Similarly, both over- and under-irrigation
negatively affect crop growth and development [9]. Irrigation strategies that apply water
below plant evapotranspiration (ET) requirements can be used efficiently without reducing
the tuber yield and quality of chipping potatoes [10]. The application of water below full
crop water requirements, i.e., crop evapotranspiration requirements, is termed as deficit
irrigation practice. Thus, deficit irrigation (DI) can be used as an alternative water-saving
irrigation strategy where the irrigation water is limited, similar to arid and semi-arid
regions [11]. In addition, the processing quality of chipping potato tubers depends on their
chemical composition, which is influenced by irrigation levels and nitrogen fertilization [10].
Thus, an understanding of the response of potatoes to nitrogen fertilizer and irrigation
water is required to improve nitrogen and water use efficiencies in potato crops and the
production system’s sustainability. This review paper investigates outcomes related to
various irrigation and nitrogen management practices, as well as their interaction effects in
the potato production system. The effects of variable irrigation and nitrogen rates on the
water and nitrogen use efficiencies of potato crops have also been discussed in this study.

1.2. Need for Sustainable Use of Water and Nitrogen Resources

Nitrate-nitrogen (NO3
−) is one of the potential nutrients that can deteriorate water

quality, with the U.S. Environmental Protection Agency (EPA)’s maximum limit of 10 mg/L
in drinking water [12]. There are public health concerns with NO3

− leaching to drinking
water (e.g., Methemoglobinemia or blue baby syndrome), which entails the need and im-
portance to match N application with crop needs instead of over-application [13]. Irrigated
potato production systems could become a significant potential source of nitrate contam-
ination in underground water due to excessive irrigation water and chemical fertilizer
applications [14]. Woli et al. [15] concluded that the N leaching increased with higher
irrigation and nitrogen application rates. Potato growers can reduce water and nitrogen
inputs by 10% and 30%, respectively, using simulation techniques to schedule irrigation and
nitrogen fertilizer applications, ultimately reducing N leaching to underground water [14].
A predictive study conducted in Minnesota by Vashisht et al. [16] revealed that the current
potato production level could be maintained by applying 390 mm of water and 450 kg N/ha
during the years 2048–2057; however, by the years 2058–2067, the same yield could not be
attained even with increased N and irrigation levels, while there would be a sharp increase
in leaching losses by 41–67%. The NO3

− leaching simulation study in Washington state
revealed that the highest NO3

− leaching was observed during potato growing season when
nitrogen rates were applied above the recommended dose, concluding that fertilizer rates
should be reduced to effectively minimize NO3

− leaching [17]. Climate change could also
be a major factor resulting in huge potato yield losses. In a simulation study using the
SUBSTOR potato model, it is predicted that the worldwide potato tuber yield could be
reduced by 2 to 26%, with potentially greater reductions occurring in high latitude regions
(Eastern Europe and Northern America) and lowlands of Africa, compared to mid-latitude
and tropical highland regions [18]. Also, there are concerns with potential climate change
issues and global warming due to greenhouse gas (GHG) emissions from agricultural
farming systems. Carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) are the
principal GHGs emitted from potato fields and must be assessed to mitigate the effects of
climate change [19]. According to Pishgar-Komleh et al. [20], overall GHG emissions from
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potato fields were 992.88 kg CO2 equivalent ha−1, with chemical fertilizers, particularly N
fertilizer, contributing the most (37.27%) and irrigation water contributing 20.46% of total
GHG emissions. There is evidence that increased N fertilization rates resulted in increased
N2O emissions [21,22]. Similarly, it could be possible to minimize CH4 emissions and net
global warming potential through irrigation optimization, as irrigation practices affect
GHG emissions by regulating microbial activity in soil [23]. In addition to environmental
concerns, a rise in fertilizer prices and energy costs may contribute to an increase in the
cost of potato production. Brunelle et al. [24] predicted that the rise in fertilizer prices
could reduce crop production by 6 to 13% by 2050. Pishgar-Komleh et al. [20] revealed that
chemical fertilizers (49%), particularly nitrogen (40%), were the most energy consuming
inputs in the potato production system. According to Terrel et al. [25], it was predicted that
the declining Ogallala aquifer, due to excessive irrigation pumping, could reduce available
irrigation water, resulting in reduced crop acreage and a negative economic impact on the
Great Plains States in the United States. McGuire [26] reported that some parts of Texas,
New Mexico, and Kansas have experienced a more than 150 ft. water level decline in the
High Plains Aquifer during the period of 1950–2013. As the Ogallala aquifer is declining,
Steiner et al. [27] and Rhodes et al. [28] encourage using efficient irrigation and water
management techniques for the sustainable production of crops and long-term use of the
Ogallala aquifer. Rodriguez et al. [29] also focused on the need to develop sustainable
irrigation and fertilizer management strategies as the water footprint of potatoes (volume
of water required to produce a unit of potato) in the Pampean region of Argentina has a
higher proportion of grey water footprint that represents a higher volume of polluted water
resources due to fertilizer leaching. Also, case studies performed by Pulido-Bosch et al. [30]
reported that there is evident groundwater depletion and salinization due to intensive
irrigation and agricultural practices in the Murray Basin aquifer of Australia, Quaternary
phreatic aquifer of Algeria, Costa de Hermosillo aquifer of Mexico, and Southeast Spain
aquifers. Hence, possible strategies for increasing aquifer lifespan in vulnerable regions
include deficit irrigation, sub-surface drip irrigation, and efficient irrigation scheduling
using soil moisture sensors [31].

2. Crop Water Use and Evapotranspiration Requirements in Potato

Irrigation management for potatoes is critical because of its shallow root system and
the underground economic part, called tubers [5]. The efficient management of water and
nutrients in potato cultivation is highly dependent on the top 40 cm of the soil [32,33]. The
crop coefficient (Kc) approach has been widely used to estimate the crop evapotranspiration
requirements, where Kc is the ratio of actual crop evapotranspiration (ETc) to reference
evapotranspiration (ETo). Table 1 shows that the potato crop coefficient (Kc) gradually
increases from the sprout development phase to the tuber bulking phase and gradually
decreases until crop maturation. The seasonal Kc for potato crops ranges from 0.53 to 0.99
across various places worldwide. According to FAO-56 guidelines, the Kc values for potato
crops are 0.5 for the initial crop stage, 1.15 for the mid-season stage, and 0.75 for the late-
season stage [34]. However, for long-season potato cultivars with vine kill, Allen et al. [34]
recommended a Kc value of 0.4 for the late-season stage. A technical report by Allen and
Wright [35] demonstrated that the mean Kc values for typical potato crops were 0.2 at
planting, 0.8 at full effective cover, and 0.15 at harvest. The Kc values reported by the U.S.
Bureau of Reclamation (USBR) for ‘Russet’ potato varieties are 0.3 at emergence, 0.93 when
rows are closed, and 0.5 when vines are dead, while for ‘Shepody’ potato varieties, Kc
values are 0.3 at emergence, 0.92 when rows are closed, and 0.2 when vines are dead [36].
The average Kc values reported by Gonzalez et al. [37] for ‘Russet’ potatoes in Washington
State were 0.4, 0.95, and 0.57 for initial, mid-season, and late-season stages, respectively.
Compared to these Kc values, the FAO Kc values are higher by 25% and 20% for the initial
and mid-season stages, respectively, while 30% lower for the late-season stage. Parent and
Anctil [38] found Kc values of 0.63, 0.91, 0.81, and 0.78 for the vegetative growth (VG),
tuber initiation (TI), tuber bulking (TB), and crop maturation (MT) stages, respectively, in
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loamy sand soils and humid continental climates of Quebec, Canada. Machakaire et al. [39]
reported 1, 1.2, 1, and 0.9 Kc values for VG, TI, TB, and MT, respectively, in sandy soils
and the semi-arid tropical climate of Limpopo, South Africa. Carvalho et al. [40] found Kc
values of 0.35, 0.45, 1.29, and 0.63 during the planting to emergence and emergence to TI,
TI, TB, and MT stages, respectively, in tropical regions of Brazil. Similarly, Kadam et al. [41]
reported Kc values of 0.55, 1.11, and 1.01 during initial, mid-season and late-season stages in
India, which were slightly lower than those recommended by Allen et al. [34]. Considering
the disparities in Kc values with FAO, the authors indicated the necessity to conduct local
studies to develop local Kc values for specific potato cultivars, soil types, regions, and
climatic environments.

Generally, the water requirement of potato crops depends upon climatic conditions
and ranges from 500 to 700 mm [42]. The actual evapotranspiration in the ‘Bowren’ potato
variety ranged from 357.3 to 511.4 mm in Iraq [43]. A simulation study by Woli et al. [15]
reported that the optimum amount of seasonal irrigation water was 400 mm, with an N
application rate of 336 kg/ha for obtaining the maximum potato tuber yield in the Columbia
Basin, USA. The potato’s seasonal evapotranspiration was estimated at 580 and 645 mm in
a fine sandy-loam soil based on the soil water balance method under soil moisture sensor-
based irrigation scheduling, while satellite-retrieved potato evapotranspiration averaged
570 mm [33]. The potential water requirement for modern potatoes (recently developed)
was about 491 to 550 mm, whereas heritage potatoes (old Southern America native potato
cultivars called specialty potatoes) had a higher water requirement of 610 to 611 mm due to
their longer maturity period than modern potatoes [44]. For processing potato cultivars, the
maximum shoot growth stage (62–86 DAS) was most susceptible to water stress, with over
40% water consumed during that phase [45]. A pot experiment conducted in a greenhouse
under a controlled environment showed that the potato crops were sensitive to water
stress during the vegetative and tuberization stages, where supplemental irrigation would
be highly beneficial [46]. Pavlista [47] also found that early water stress in the ‘Atlantic’
potato from emergence to 8 weeks after emergence resulted in poorer plant growth and
reduced the tuber yield, compared to late water stress during 8–13 weeks after emergence,
suggesting that the crop growth period between 2 and 8 weeks after emergence is the most
critical period for water stress.



Agronomy 2023, 13, 2566 6 of 28

Table 1. Crop coefficient (Kc) values for different stages of potato crop.

Location Climate Type Soil Type Estimation Method Variety Year
Crop Stage

Seasonal Reference
SD VG TI TB MT

USA Sub-humid climate - FAO
Penman-Monteith - - 0.5 1.2 0.8 0.83 [34]

Idaho, USA Cold
winter temperate - ASCE

Penman-Monteith - - 0.31 0.64 0.77 0.72 0.34 0.51 [35]

USA Continental - ASCE
Penman Monteith Russet - 0.46 0.78 0.88 0.93 0.70 0.67

[36]

USA Continental - ASCE
Penman Monteith Shepody - 0.3 0.93 0.2 0.71

Washington, USA
Arid steppe
cold climate Silt loam ASCE

Penman-Monteith

Alturas

2018–2020

0.4 0.7 0.96 0.6 0.67

[37]

Clearwater Russet 0.4 0.71 0.96 0.6 0.67

Ranger Russet 0.4 0.68 0.94 0.6 0.66

Russet Burbank 0.4 0.7 0.93 -

Umatilla Russet 0.4 0.7 0.93 0.5 0.63

Quebec,
Canada Humid Continental Loamy sand Eddy Covariance Reba 2007 0.63 0.91 0.81 0.78 0.73 [38]

India
Semi-arid,

sub-tropical Clay Water
balance Method

Kufri Pukraj 2015–2016 0.69 1.2 0.9 0.91
[41]

2016–2017 0.51 1.1 1.1 0.88

India Sub-humid Lysimeter Kufri Jyoti 1998–1999 0.4 0.85 1.3 0.6 0.78 [48]

Limpopo, South
Africa Semi-arid, tropical Sandy Eddy Covariance Mondial 2020

- 1 1.2 1 0.9 0.99

[39]
North West,
South Africa - 0.45 0.9 0.9 - 0.78

Brazil Tropical Sandy, Ultisol FAO
Penman–Monteith Opaline 2010 0.35 0.45 1.29 0.63 0.68 [40]

Saudi Arabia Arid Lysimeter 2012–2015 0.54 1.1 0.7 0.79 [49]

Italy Mediterranean,
warm temperate Silty loam SIMDualKc

Modelling Spunta 2009–2010 0.15 1.1 0.4 0.53 [50]
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3. Relationship of Irrigation Rates with Potato Growth, Yield, and Quality

The tuber yield, plant dry matter, and leaf area index of potato crops were significantly
reduced under water-stressed conditions [51]. B.Z. Yuan et al. [52] found an increase in
plant height, biomass, shoot water content, total yield, and marketable yield with increased
applied irrigation amounts but there was a significant decrease in specific leaf weight,
canopy temperature, and tuber specific gravity under higher irrigation applied rates. In a
study conducted in Punjab, India, it was found that there was an increase in plant height,
biomass, tuber yield, specific gravity, and starch accumulation in tubers with an increase
in irrigation rates from 0.6 to 1.2 fraction of open pan evapotranspiration [53]. Similarly,
the plant height, canopy dry weight, leaf area index, and tuber yield were reduced by
10–20%, 20–30%, 50–70%, and 13–25%, respectively, when the total water supplies were
reduced by 25% as early, late, and outer stresses, compared to full irrigation [47]. Whereas
Erdem et al. [54] found no significant differences in plant height, tuber size, tuber number
per plant, and tuber yield among irrigation rates applied when 30%, 50%, and 70% of
available water was consumed under semi-arid conditions in Turkey.

Badr et al. [55] reported the highest total tuber yield in full irrigation (100% ET) for all
nitrogen rates, with only a 7.8% average reduction in total yield under 20% DI (80% ET),
while the reduction averaged 27.3% and 44.6% under 40% and 60% water stress conditions,
respectively. Similarly, the reduction in tuber yield averaged 21.3% for 40% DI and 46.75%
for 70% DI for a two-year study, suggesting that the crop is not very sensitive to moderate
water stress [56]. Alva et al. [57] also found that the tuber yields were reduced by 7–24%
when potatoes were grown under 14–20% water deficit conditions. However, Crosby and
Wang [10] found that the production of chipping potatoes in over-irrigation treatment at
125% ET was not beneficial and suggested the potential use of deficit irrigation at 75%
ET and 50% ET during the late season for sustainable water use in potato production.
Ramirez et al. [58] discovered that the water-stressed conditions due to partial root-zone
drying (PRD) and deficit irrigation (DI) resulted in increased chlorophyll concentrations
and, consequently, a reduced senescence rate, which was associated with a reduced tuber
yield with increased water stress under greenhouse conditions. El-Abedin et al. [59]
reported higher chlorophyll content in potato plants for DI and PRD treatments, which
were not significantly different from full irrigation. They also reported a significant decrease
in the net photosynthesis rate of potato plants under PRD and DI treatments, while the
full irrigation treatment had a higher stomatal conductance and transpiration rate [59].
Applying water-saving irrigation strategies such as PRD and DI resulted in a root length
density similar to full irrigation [32].

Among several water-saving irrigation strategies, Ahmadi et al. [60] found that static
deficit irrigation (applying 75% of ET during whole crop growth period) and dynamic
deficit irrigation (applying 90% of ET during first one-third, 75% of ET during second one-
third, and 50% of ET during last one-third of the crop growth period) strategies resulted
in a slight tuber yield reduction (4%, 7%) and a significant increase (28%, 34%) in water
productivity, compared to full irrigation. Ierna and Mauromicale [61] also found that
the tuber yield and average tuber weight were statistically similar under both irrigation
strategies that supplied 100% ET along the whole crop cycle and 100% ET supplied from
tuber initiation up to 50% for the tuber growth stage in southern Italy. Among different
irrigation rates of water-saving irrigation strategies like PRD and DI, El-Abedin et al. [59]
reported the highest tuber yield under DI with a 70% ETc strategy in arid regions of
Saudi Arabia. Compared to DI with 70% ETc, the tuber yield under PRD with 70% ETc
was reduced by 17.28% and 23.54% in 2014 and 2015, respectively [59]. Mokh et al. [62]
found a statistically similar tuber number/m2, tuber weight, size, and yield under 40%
DI and full irrigation, while the yield and yield components were lower under 70% DI.
O’Shaughnessy et al. [63] also found that a moderate water deficit irrigation at 80% of full
irrigation resulted in a similar potato tuber yield and tuber weight as compared to 100%
full irrigation treatment in the Texas High Plains. Ramirez et al. [58] also found that a
PRD treatment supplying 50% of crop water demand resulted in a similar tuber yield as
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full irrigation under field conditions. However, Ojala et al. [64] reported an increased
tuber yield with increased seasonal water supplies up to nitrogen application rates of
250 kg N/ha.

The sugar and protein contents of potato tubers decreased with increased water stress,
while the polyphenol and antioxidant contents increased with an increased level of deficit
irrigation [65]. Ahmadi et al. [66] discovered that, compared to full irrigation and DI
techniques, PRD irrigation treatments significantly increased the N content of tubers, which
had a negative correlation with tuber yield. Xing et al. [67] found that applying 20% DI at
180 kg N/ha on potatoes resulted in a higher starch content, reducing the sugar content,
vitamin C content, tuber yield, and crude protein content. Akkamis and Caliskan [68] also
reported a lower tuber dry matter, specific gravity, and starch content under full irrigation
than 34% and 67% DI treatments. However, Ojala et al. [64] reported the highest specific
gravity of tubers under higher seasonal water supply to the crops. When potato crops were
over-irrigated with 120% ETc and 140% ETc, the US No. 1 yields (tuber weight 114–284 g)
were reduced by 7.1% and 22%, respectively, and the specific gravity was significantly
reduced as compared to the full irrigation [69]. The excess irrigation rate beyond the full
irrigation significantly reduced the specific gravity and increased the hollow heart and
internal brown spot incidence in potato tubers [70].

4. Impacts of Irrigation Methods on Yield and Yield Components of Potato

Ahmadi et al. [60] reported a higher tuber number per ha and fresh tuber weight under
DI strategies than PRD strategies. However, Al-Omran et al. [71] found that PRD with a
75% ETc irrigation strategy was more effective than the DI strategy in saving irrigation
water, while maintaining the same yield as the full irrigation treatment. The potato yield
and yield components were higher for the sub-surface drip irrigation method than the
surface drip irrigation method under arid conditions [62]. Al-Omran et al. [71] also found
that the tuber yield under sub-surface drip irrigation was higher than the surface drip
irrigation. However, Onder et al. [72] did not find a significant impact of surface and sub-
surface drip irrigation methods on potato tuber yield and yield parameters. Ati et al. [43]
found no statistically significant differences in the yield or yield components of potatoes
when comparing furrow and drip irrigation methods. The sprinkler irrigation method
may result in a non-uniform distribution of irrigation water at the hills and furrows along
with the potato canopy development. Under sprinkler irrigation, it was observed that the
wetting depth of soil was higher at the hills during the early growth stage of potatoes,
whereas the wetting depth was higher at the furrows during the later growth stages of
potatoes due to interception by outer foliage and runoff from the sides of hills [73]. For N
rates of 240 and 360 kg N/ha, the tuber yield under drip fertigation scheduling increased
by 25.3 and 36.4%, respectively, compared to regular irrigation [74]. However, surface
drip irrigation in potato cultivation interferes with intercultural operations like weeding,
hilling, and tuber harvesting [75]. Zhou et al. [76] did not find any significant differences
in tuber yield between gun irrigation and drip fertigation; however, there was higher
nitrate leaching under gun irrigation. Silva et al. [77] found the highest total tuber yield
under sub-irrigation with drain tiles (37.2 Mg/ha), followed by sub-surface drip irrigation
(34.7 Mg/ha), sprinkler irrigation (33.3 Mg/ha), and seepage irrigation (32.2 Mg/ha),
respectively. They also reported that the highest misshapen, decayed, internal heat necrosis,
and brown-centered tuber yields were obtained under sub-irrigation, while growth cracked
and green tuber yields were highest under seepage irrigation. The authors discussed that
the highest tuber yield achieved under sub-irrigation was due to quick soil water drainage
capacity; the highest green tubers under seepage irrigation were due to runoff caused
by slow water drainage, and internal tuber defects were due to irregular tuber growth
due to the stressful conditions after rainfall [77]. As compared to conventional uniform
irrigation management strategies, the average gross income for potato production was
$159/ha greater under a site-specific irrigation management strategy [78]. King et al. [78]
concluded that for site-specific irrigation management to be economically viable in potato
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farming systems, it is essential to achieve economic benefits for other crops involved in
the rotation. In an economic analysis study by Yuan et al. [79], the potato is identified as
one of the most suitable and profitable crops for semi-arid regions when grown under
rainwater harvesting and supplemental irrigation, compared to traditional rainfed and
runoff farming systems. The authors also suggested using portable micro-irrigation and
seepage prevention strategies to effectively use harvested rainwater [79]. There are smart
irrigation technologies such as soil moisture sensors, evapotranspiration controllers, and
rainfall sensors which can give real-time information about soil, water, crops, and weather
conditions and have the potential to save 7–92% water without a significant reduction in
crop yield [80]. Also, site- and crop-specific irrigation and nutrient management can be
achieved using computer-based crop simulation models and decision support systems [81].

5. Water Use Efficiency (WUE) in Potatoes

WUE can be defined as the amount of crop yield per unit of water used by the
crop [82]. It is also called water productivity. WUE can be calculated using crop actual
evapotranspiration, total water supply, and the irrigation amount [83]:

(a) Crop water use efficiency (CWUE):

CWUE =
Yield

Seasonal water supply
(1)

(b) Evapotranspiration water use efficiency (ETWUE):

ETWUE =
Yield

Crop seasonal ETa
(2)

(c) Irrigation water use efficiency (IWUE):

IWUE =
(Irrigated plot yield − Rainfed plot yield)

Seasonal irrigation amount
(3)

where CWUE, ETWUE, and IWUE are expressed in kg/m3 and yield in kg/ha, seasonal
water supply is the sum of seasonal precipitation and seasonal irrigation amount (mm),
crop seasonal ETa is the seasonal cumulative actual evapotranspiration (mm), and the
seasonal irrigation amount is the sum of applied irrigation amounts throughout crop
growing season (mm). It is difficult to estimate the exact amount of water used by the crops
from field-based measurements; thus, these different methods of estimating WUE can be
applied successfully in different agro-climatic regions with concerned parameters [84]. A
higher WUE value is preferred over lower WUE values for any agricultural system because
a higher WUE indicates a more efficient utilization of applied water by the crops to produce
the crop yield. The estimation of WUE helps to manage irrigation water in the field and
provides a platform to enhance the efficient use of water by crops in different environments.

Kassaye et al. [85] reported the highest WUE under 50% DI (21.8 kg/m3), followed
by 25% DI (17.3 kg/m3) treatments and the lowest WUE under full irrigation (13.0 kg/m3).
WUE also depends on the method of irrigation applied. The WUE increased by about
50% under alternate furrow irrigation as compared to conventional furrow irrigation [85].
Ati et al. [43] reported an increase in WUE from 5.13 to 7.38 kg/m3 for furrow-irrigated
treatments and from 6.907 to 10.257 kg m−3 for drip-irrigated treatments. Compared
to the furrow irrigation method, Erdem et al. [54] found a higher WUE under the drip
irrigation method but did not find any significant differences in plant height, tuber size,
and tuber yield. However, Reddy et al. [86] found better water use efficiency under
farmers’ traditional practices and moderate water-deficit conditions than under extreme
water-deficit conditions.

Alva [87] found that a full irrigation strategy that replenishes 100% ETc can lead
to deep percolation below the root zone, while 30% DI maintained soil water content
between the field capacity and management allowable depletion (MAD) level, reducing
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the loss of water through deep percolation. Ahmadi et al. [60] found that the water
productivity under DI strategies was higher than PRD irrigation strategies and showed
the potential to obtain a higher water productivity under a dynamic DI than static DI
strategy. Ierna and Mauromicale [61] stated that irrigation water can be saved up to 77 mm
year−1 by irrigating the crop with a 100% maximum evapotranspiration (ETm) supply
from tuber initiation to 50% of tuber growth without reducing the tuber yield, compared to
irrigating with a 100% ETm supply throughout the crop growth season. It was observed
that the WUE at the DI with 70% ETc (4.28 kg/m3) and DI with 50% ETc (4.11 kg/m3)
was higher than the PRD with 70% ETc (3.5 kg/m3) and PRD with 50% ETc (3.37 kg/m3)
in arid regions of Saudi Arabia [59]. The highest IWUE and total water use efficiency
(TWUE) were obtained under 70% DI during both Spring (19.28 kg/m3, 13.56 kg/m3) and
Autumn (14.83 kg/m3, 8.24 kg/m3) seasons for both surface and sub-surface drip irrigation
methods [62]. Irrigation rates significantly impacted irrigation efficiency (IE) and WUE in
chipping potato varieties ([10]. Crosby and Wang [10] found lower WUE and IE under over-
irrigated plots with 125% of ETc and full irrigation plots with 100% ETc, compared to DI
plots. Ati et al. [43] found increased WUE values with an increased application of potassium
rates under both furrow and drip irrigation methods. Kumar et al. [53] also reported the
highest WUE (13.1 kg/m3) under irrigation at a 0.8 fraction of open pan evapotranspiration.
However, O’Shaughnessy et al. [63] did not find any significant differences in crop water
productivity (CWP) and irrigation water productivity (IWP) among irrigation rates of 60%,
80%, and 100% of full irrigation.

6. Nitrogen Requirement in Potato Crops

Nitrogen is a key plant macro-nutrient required for plant biomass, tuber development,
and tuber quality. The nitrogen fertilizer requirement in potato crops differs by variety, soil
type, location, and crop and water management practices. Based on the specific cultivar
and location, the total N uptake for potato crops ranges between 168 and 448 kg N/ha,
with about 60–65% of total N uptake accumulated in tubers and about 30% remaining in
the vines at harvesting time [88]. The peak daily N uptake was obtained between 55 and
65 days after planting during the beginning of the tuber bulking stage of a chipping potato
variety ‘FL 1867’ [89]. In the same study, it was observed that the whole plant and tuber
N accumulation varied from 106 to 191 kg N/ha and 79–138 kg N/ha, respectively. For
a 56 Mg/ha potato tuber yield, the whole plant N uptake was 235 kg/ha in the USA and
Canada field conditions [12]. Love et al. [90] determined the N requirement rates (including
both applied N and soil residual N) for the maximum potato yield in Idaho for four potato
cultivars, Bannock Russet, Gem Russet, Summit Russet, and Russet Burbank, as 211, 263,
230, and 241 kg N/ha, respectively, when two-thirds of the applied N was applied pre-plant
and the remaining one-third post plant. Makani et al. [91] discovered that the tuber yield for
112 and 224 kg/ha N rates were statistically similar for early maturing potato varieties. The
authors also reported a non-significant yield increase, with N rates beyond 224 kg/ha [91].
A study by Wang et al. [92] determined the optimum rates of N, which ranged from 115
to 150 kg N/ha, for sustainable potato production in different regions of China. The soil
type and soil organic matter content also affect the optimum nitrogen application rate and
timing. Sandy soils with lower organic matter content have a higher tendency toward
NO3

− leaching than clay soils; thus, a frequent application of split N doses is required
for better crop N utilization [93]. By incorporating organic poultry manure in potato
production, it was possible to reduce the use of inorganic N fertilizer for optimum tuber
yield [94]. There are also practices of intercropping legumes with potato crops to improve
the soil nitrogen balance and reduce NO3

− leaching [95,96]. Various techniques have been
used for assessing a plant’s N status. Wang et al. [97] found that a petiole nitrate-N analysis
is the most convenient and accurate method to determine the in-season N status of potato
crops. Bohman et al. [98] found that the remote sensing-based nitrogen sufficiency index
(NSI) technique was more effective than chlorophyll meter measurements in predicting
crop N status. The authors used remote sensing tools like ground-based proximal CropScan
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sensors and unmanned aerial vehicle-based GEMS multi-spectral sensors to assess crop
N Status [98]. The remote sensing-based NSI technique is a non-destructive method of
determining the N status in plants that uses various multi-spectral sensors, reflectance
sensors, and satellite images [99].

7. Relationship of Nitrogen Rates with Potato Growth, Yield, and Quality

Nitrogen is one of the most limiting nutrients for potato growth, yield, and quality.
Hence, a deficiency of N may lead to complete crop failure, while an over-supply of N may
also reduce the quality of tubers along with an increased cost of cultivation. An experiment
using four N rates of 0, 55, 110, and 165 kg N/ha conducted by Zewide et al. [100] reported
that the application of 165 kg N/ha significantly increased days to flowering, days to phys-
iological maturity, above-ground biomass, underground biomass, tuber yield, marketable
tuber number, total tuber number, and average tuber weight of a potato crop.

Depending on the cultivars and costs of fertilizer and potato tubers, the economic
optimum N fertilization rates ranged from 147 to 201 kg/ha [101]. The tuber yields
significantly increased with increasing nitrogen rates, only up to 280 kg N/ha, and a further
increase in N application rates did not significantly increase potato tuber yield and N
uptake [55]. Zotarelli et al. [7] reported a non-significant effect of applying nitrogen rates
above 280 kg ha−1 on potato yield and N uptake. Tuber yield improved with increased
nitrogen fertilization; however, the increase was insignificant with N treatment rates of
more than 150 kg/ha in red soils prone to N leaching [102]. The researchers also found that
the apparent nitrogen surplus, i.e., the nitrogen remaining in the soil after plant uptake
(nitrogen input minus nitrogen uptake), increased with increasing nitrogen application
rates [102]. Cambouris et al. [103] also reported no significant increase in marketable and
total tuber yield beyond 200 kg N/ha applied N rates in the ‘Russet Burbank’ potato variety.

A three-year study conducted by Nyiraneza et al. [104] at five research sites in Canada
determined no significant increase in the marketable tuber yield when the N application
was over 120 kg N/ha, indicating that the recommended N doses in potatoes can be reduced.
They also reported a reduction in the specific gravity of potato tubers with increasing N
fertilizer rates beyond 60 kg N/ha [104]. In red soil, the yield of tubers increased with
increasing levels of N fertilizer, but the increase was not statistically significant when the N
application rates exceeded 150 kg/ha [102]. Clement et al. [105] also found no significant
difference in the total yield and marketable yield among N application rates of 100, 150,
and 200 kg N/ha with polymer coated urea (PCU) applied at planting under both irrigated
and non-irrigated conditions. Bohman et al. [98] found that slight reductions in the N rate
(by 44 kg N/ha) and irrigation rates (by 15%) did not result in significant differences in
tuber yield and economic return, compared to the application of the recommended rate of
N (270 kg N/ha) and full irrigation (100% field capacity) under sandy soils and the humid
climatic zone of Minnesota. However, they reported a significant reduction in tuber yield
and net income with the application of 180 kg N/ha, compared to 270 kg N/ha. When
the nitrogen application rate was increased from 0 to 250 kg N/ha, there was an increase
in average fresh tuber weight, tuber N content, and tuber nitrate concentration, but the
specific gravity decreased [106].

The specific gravity and tuber dry matter content did not increase significantly with
applied nitrogen rates beyond 90 kg/ha [53]. Nyiraneza et al. [104] reported a decrease in
specific gravity with increasing N fertilizer rates. Ruža et al. [107] found that the starch
concentration in tubers was reduced with increased nitrogen fertilizer rates. The marketable
specific gravity, starch, and dry matter content were obtained under the application of
168 kg N/ha at sites with less than 3% soil organic matter and 112 kg N/ha at sites with
greater than 3% soil organic matter content [108]. Reducing of both the sugar and starch
contents decreased with increasing N application rates [109]. The total protein content and
amino acids like alanine, glutamate, and histidine contents were obtained significantly
lower at 200 kg N/ha than at 150 and 50 kg N/ha rates [109].
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8. Impacts of N Fertilizer Application Methods on Yield and Yield Components
of Potatoes

Potato growers can easily shift to polymer coated urea (PCU) instead of the conven-
tional split N application without significantly reducing tuber yield [110]. Under irrigated
conditions, the use of PCU and PCU + urea at the same N rate applied at planting led to a
significant rise in seasonal NO3

− leaching by 32% and 43%, respectively, when compared to
the conventional split N treatment [105]. Clement et al. [105] concluded that the use of PCU
alone is more environmentally sound and profitable than a PCU + urea mixture for potato
production in sandy soils. They also recorded a higher N uptake, dry matter content, and
apparent N recovery under PCU + urea as compared to PCU alone and the conventional
split N application method [105]. Cambouris et al. [103] reported that a single application
of PCU at planting resulted in a similar tuber yield, along with increased plant N uptake
as compared to split N applications of ammonium nitrate and ammonium sulphate at
planting (40%) and hilling (60%). Hyatt et al. [111] reported a significantly lower N2O
release under PCU treatment as compared to conventional multiple splits of N application
at an equivalent N rate of 270 kg N/ha. As compared to uncoated urea, it was observed
that the application of PCU resulted in better tuber yields and reduced residual nitrate in
soil [112]. A three-year study by Kelling et al. [113] demonstrated that the application of
nitrogenous fertilizers along with nitrification inhibitors has the potential to improve tuber
yield, tuber N accumulation, and apparent N recovery. The application of ammonium
sulfate nitrate with the nitrification inhibitor (3,4-dimethylpyrazole phosphate) produced a
higher tuber yield and agronomic efficiency as compared to the applications of ammonium
sulphate and urea alone [114].

Rolbiecki et al. [115] discovered that using drip fertigation to apply N fertilizers in-
creased the marketable yield and tuber number per plant by 11.8% and 24.2%, respectively,
compared to the broadcasting method. The variable distribution of soil properties and nu-
trient content along the field may lead to variable tuber yield. Such variable soil properties
in the field can be identified as management zones, and the application of precision agricul-
ture techniques, such as site-specific nutrient management, could enhance soil fertility and
achieve optimum tuber yield [116]. The timing and intervals of N fertilizer applications
also impact crop growth and the yield of potato crops. US No.1 yields were higher, with
three biweekly applications of 44 kg N/ha as compared to six weekly applications of
22 kg N/ha [69]. Badr et al. [74] found that weekly drip fertigation of N fertilizer through
the crop stage-wise fertigation strategy (N supply partitioned as 12.5, 25, 50, and 12.5%
of total N supply at initial, development, mid, and maturation stage, respectively) with
360 kg N/ha increased tuber yield by 13 and 22% as compared to weekly and biweekly
equal fertigation strategy, respectively. Errebhi et al. [117] discovered that increasing the
applied N rates at planting from 0 to 135 kg N/ha significantly increased culls and small-
sized tubers while increasing average NO3

− leaching beyond 140 cm soil depth by 91 kg
N/ha for the ‘Russet Burbank’ potato. High N application rates at planting could prolong
vegetative growth with delayed tuber development and result in a lower marketable yield
(Errebhi et al. [117]).

9. Nitrogen use Efficiency in Potato

Nitrogen use efficiency (NUE) can be defined as the ratio of crop yield to the amount
of nitrogen supplied to the crop [118]. It helps to understand how efficiently the plants
uptake the applied nitrogen and convert it into plant biomass and crop yield. The NUE was
found to have a strong positive correlation with canopy cover, relative maturity date, tuber
number per plant, and tuber dry weight in potato crops [119]. The NUE of a crop is very
important in managing nitrogen fertilizers and for determining the economic level of plant-
required nitrogen rates. Nitrogen use efficiency is negatively correlated with the amount of
nitrogen applied [55]. This negative correlation could be due to increased nitrogen leaching
at high applied nitrogen rates [120]. However, variation in potato NUE could depend on
variations in maturation days, photoperiod, adaptation to environmental conditions, and
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genetic variation among potato cultivars [119]. Makani et al. [121] showed the potentiality
of improving water and nitrogen use efficiency with the application of a lower nitrogen
rate (112 kg/ha) in early-maturing potato cultivars. Fontes et al. [101] found that the NUE
decreased with an increase in N fertilization rate. Stefaniak et al. [122] also found that the
NUE of eight red potato genotypes decreased with an increase in N application rate from
20.4 kg/ha to 81.6 kg/ha in loamy sand soils of Minnesota. Wang et al. [92] found that
the recommended N rates increased the nitrogen use efficiency by 48.60–81.67% without
any yield reductions, compared to higher applied N rates. The researchers also reported a
corresponding increase in apparent nitrogen surplus (i.e., nitrogen input minus nitrogen
uptake by plant) in the soil with increased N application rates [102].

The timing of fertilizer application was also found to affect the NUE in potato crops.
The weekly fertigation of N fertilizer through crop stage-wise fertigation scheduling had
a higher NUE as compared to biweekly crop stage-wise fertigation scheduling and both
weekly and biweekly equal fertigation scheduling in ‘Cara’ potato cultivar [74]. However,
Zebarth et al. [123] concluded that N fertilization, either at planting or hilling, had no
significant impact on NUE during seasons of sufficient soil moisture, but a split application
of N could result in reduced nitrogen uptake efficiency during dry seasons. Rens et al. [124]
suggested applying a higher proportion of seasonal N during plant emergence or the tuber
initiation stage as the N fertilizer use efficiency (FNUE) was found to be about 62% for
N treatments during the emergence and tuber initiation stages, whereas FNUE was only
10.2% for pre-plant N applications performed 26–30 days before planting. The application
of N fertilizers through drip fertigation on very light soils in Poland increased the NUE
from 305 to 337 kg ha−1 per kg of N compared to the broadcasting of N fertilizers [115].
Though modern potatoes respond better to irrigation and nitrogen application, heritage
potatoes are more tolerant to water and nitrogen-deficit conditions [44]. The effects of
varying nitrogen rates and N application methods on potato tuber yield and NUE are
presented in Table 2.
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Table 2. Effects of N application rates and methods on potato tuber yield and NUE.

Location Soil Type Variety N Source N
Application Method Timing N Rates

(kg/ha)
Total N

Rate (kg/ha)
Tuber Yield

(Mg/ha) NUE Reference Remarks

North
Eastern
Florida
(Farm 1)

Alaquod
Spodosol

FL 1867
(Chipping type)

Granular AN (34%N)
for Pre-pl and Liquid
UAN (32% N) for PE

and TI

Band application

2011 2012 2011 2012

[89]

NUE is in kg plant
biomass/kgN)

and tuber yield is
the total

tuber yield

Pre-pl:E:TI 56:0:56 112
39.6 42

58 58.8

Pre-pl:E:TI 56:0:112 168 47 45.7

Pre-pl:E:TI 56:56:56 168
43.1 44.8

39 43.1

Pre-pl:E:TI 56:56:112 224 34.2 32.2

Pre-pl:E:TI 56:112:56 224
47.2 46

31.8 34.6

Pre-pl:E:TI 56:112:112 280 28.6 28.7

Pre-pl:E:TI 56:168:56 280
44.1 43.3

27.3 28.5

Pre-pl:E:TI 56:168:112 336 24.3 23.9

Becker,
Minnesota

Hubbard
loamy sand

(Frigid
Entic Hapludolls)

Russet
Burbank

2016/17 2016/17

[98] Total tuber yield

DAP

All DAP were band
applied, all urea
were applied via
fertigation, UAN
was applied in
4 equal splits

PL:E:PE 45:0:0 45 54.3 -

DAP:Urea:UAN PL:E:PE 45:67:68 180 69.8 -

DAP:PCU PL:E:PE 45:135:0 180 69.4 -

DAP:Urea:UAN PL:E:PE 45:135:88 270 73.4 -

DAP: PCU PL:E:PE 45:225:0 270 71.6 -

DAP:Urea PL:E:PE 45:135:
RES

180+
RES 72.3 -

Prince
Edward
Island,

Canada

Humid
Haplorthods

Russet
Burbank

AN
(34% N) Band application Planting

2014 2015 2014 2015

[104] Marketable yield

0 0 24.3 44 - -

60 60 33.9 49.5 - -

120 120 36.9 53.5 - -

180 180 34.5 58.7 - -

240 240 33.5 53.1 - -

Sicily, Italy

Clay loam,
Calcixerollic
Xerochrepts

Spunta AN

2010 2011 2010 2011

[125]

Marketable yield
Agronomic NUE

(kg tuber DW/kg N)

0 0 14.3 35.7 - -

E: 21 DAE 50:50 100 35.9 47.7 73.3 95.8

E: 21 DAE 100:100 200 46.7 47.6 43.7 47.1

E: 21 DAE 150:150 300 48.7 53.3 28.7 35.1

E: 21 DAE 200:200 400 48.5 54.6 23 27.6
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Table 2. Cont.

Location Soil Type Variety N Source N
Application Method Timing N Rates

(kg/ha)
Total N

Rate (kg/ha)
Tuber Yield

(Mg/ha) NUE Reference Remarks

South Sinai,
Egypt

Sandy,
Entisol-Typic

Torripsam-
ments

Cara

AS was soil applied for
control, AN was drip
fertigated for Equal

and Wise; Total N ratio
at ini, dev, mid, and

late stages are 12.5, 25,
50, 12.5%

2021 2021

[74]
NUE is in kg
yield/kg N

Control PL: 28 DAP 120:120 240 23.1 96

Equal Weekly 20 240 27.8 116

Equal Biweekly 40 240 25.2 105

Wise, weekly ini:dev:mid:late 7.5:15:30:7.5 240 32.4 135

Wise, biweekly ini:dev:mid:late 15:30:60:15 240 30.3 126

Control PL: 28 DAP 180:180 360 28.5 79

Equal Weekly 30 360 37.8 105

Equal Biweekly 60 360 35.1 98

Wise, weekly ini:dev:mid:late 11.5:23:46:11.5 360 42.7 119

Wise, biweekly ini:dev:mid:late 23:46:92:23 360 40.1 111

AN: Ammonium Nitrate, UAN: Urea Ammonium Nitrate, PCU: Polymer Coated Urea, AS: Ammonium Sulphate, DAP: Di-ammonium Phosphate, Pre-pl: pre-planting, PL: planting,
E; emergence, PE: post-emergence, TI: tuber initiation, RES: remote sensing based experimental procedure, DAE: days after emergence, DAP: days after planting, ini: initial stage,
dev: developmental stage, mid: mid-season stage.
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10. Interactive Effects of Irrigation and Nitrogen Rates on Potato Tuber Yield, WUE,
NUE, Plant Nitrogen Uptake, and Nitrate Leaching

The best irrigation management practices are necessary for the effective utilization of
applied nitrogen by crops, thereby reducing nitrate leaching into the groundwater [87,126].
Clement et al. [105] found increased NO3

− leaching with increasing N application rates
under irrigated conditions than non-irrigated conditions (Table 3). The authors reported
the highest nitrate leaching (125 kg/ha) under irrigated plots with a N application rate
of 200 kg/ha, while it was lowest (52.4 kg/ha) under irrigated plots with a 100 kg/ha N
applied rate [105]. While the overall plant nitrogen uptake was statistically equivalent
across the 60 kg N/ha and 240 kg N/ha application rates, nitrate leaching was significantly
higher under the latter than the former [127]. Under over-irrigation with 150% of ETc, the
lowest level of N content (about 2.4 mg/L) was found in the surface layer (0–15 cm), and the
highest concentration (20.5 mg/L) was found at a depth of 65–100 cm [71]. In contrast, deficit
irrigation reduces nitrogen uptake and increases nitrogen use efficiency in crops [128,129]. The
tendency to leach N at deeper depths of soil is also influenced by the irrigation methods.
The average cumulative residual nitrogen measured at a depth of 40–120 cm of soil was
recorded as 94.13 kg N/ha under furrow irrigation and 22.4 kg N/ha for the sprinkler
irrigation method [130]. Yang et al. [130] estimated average apparent N losses (which
accounted for N leaching, volatilization, mineralization, crop uptake, and residual N after
harvest) of 249.6 kg N/ha for furrow irrigation and 147.6 kg N/ha for sprinkler irrigation
systems. Similarly, Waddell et al. [131] found lower N leaching under drip irrigation
systems compared to the sprinkler irrigation method. Drip irrigation facilitates the precise
application of irrigation water throughout the crop root zone, meeting crop needs and
reducing runoff. Zhou et al. [76] also reported that drip fertigation significantly improved
the nitrogen use efficiency and reduced nitrate leaching as compared to gun irrigation.

Marsh [132] reported the highest NUE (317.6 kg yield/kg N) value with 170 kg N/ha
under target irrigation that maintained soil moisture between FC and 65% of FC when
compared to similar irrigation schemes with N rates of 225 and 280 kg N/ha. The researcher
also found deeper movement of soil nitrate under an irrigation scheme that provided 20%
excess irrigation water than target irrigation [132]. Badr et al. [55] reported the highest NUE
(176 kg yield/kg N) under 160 kg N/ha rate with 100% ETc irrigation, which reduced to
136 at 340 kg N/ha. They also indicated that moderate deficit irrigation rates and lowered
N rates might be used in arid potato farming systems with acceptable tuber yields. The
petiole NO3

− N concentration during potato growing season was found to be higher under
DI treatments as compared to full irrigation [57]. There was a significant reduction in
tuber N content from 1.9% to 1.54% when the irrigation rate was reduced from 100% ET
to 80% ET [45]. A lower canopy cover under deficit-irrigated conditions may accelerate
water loss through soil water evaporation, resulting in reduced N recovery and water
use efficiency [45]. Li et al. [133] concluded that the interaction between irrigation and
nitrogen levels can influence the source capacity of potato plants by affecting their net
photosynthetic rate and total leaf area, which can directly impact the tuber yield and N
content of tubers. Essah et al. [134] demonstrated the possibility of increasing the potato
tuber yield and quality under cover cropping systems with limiting irrigation rates. On the
other hand, cover crops planted during winter help to reduce nitrate leaching by extracting
nitrate from the root zone and then enhance nitrogen availability to subsequent potato
crops when the cover crops are incorporated into the soil [135]. The previous studies on the
interactive effects of irrigation and nitrogen application rates on potato tuber yield, WUE,
and NUE are reported in Table 4.
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Table 3. Previous studies on the effects of irrigation and nitrogen management on nitrate leaching and nitrogen uptake by potato plants.

Location Potato
Cultivar

Soil Type N Source N
Application Method

Irrigation Applied N
Rates (kg/ha)

Nitrate N Leaching (kg/ha) TNUp and TPNUp (kg/ha) Reference
Method Amount (mm)

Wisconsin, USA Russet
Burbank

Loamy sand

Starter dose = 34 kg/ha;
33% and 67%

Supplemenal N as AS
and AN, respectively

Sprinkler irrigation

2001 2002 Average TNUp

[136]

No SF 34 39.7 75.8 76.3

SF @9.35 L/ha 34 42 68 74.1

No SF 168 50 90.4 120.1

SF @9.35 L/ha 168 47 86.2 131.4

No SF 303 120.2 105.3 135.7

SF @9.35 L/ha 303 64.1 83.9 148.2

Minnesota, USA Russet
Burbank

Loamy sand DAP; Urea; PCU

Solid-set overhead
sprinkler irrigation

- 2016–17 Average TPNUp

[137]

Control 0 25 110

Split 180 32 204

Control release 180 31 202

Split 270 40 260

Control release 270 35 253

Conventional - 36 a 209

Reduced (15% less) - 30 b 212

Columbia Basin,
USA

Russet
Burbank

Quincy fine sand
and Taunton
sandy loam

1/3rd of total N
applied at planting

and remaining 2/3rd
in six equal splits

-

Hermiston Richland

[15]

168 91 e 82 e - -

252 120 d 110 d - -

336 153 c 142 c - -

420 192 b 180 b - -

504 232 a 220 a - -

1 day interval 400 - 150 b 142 b - -

2 day interval 500 - 150 b 142 b - -

3 day interval 600 - 156 ab 146 ab - -

4 day interval 700 - 162 a 151 a - -

5 day interval 800 - 162 a 151 a - -
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Table 3. Cont.

Location Potato
Cultivar

Soil Type N Source N
Application Method

Irrigation Applied N
Rates (kg/ha)

Nitrate N Leaching (kg/ha) TNUp and TPNUp (kg/ha) Reference
Method Amount (mm)

Quebec, Canada Russet
Burbank

Sandy loam PCU and Urea
Band application

at planting

Irrigated 100 52.4 - -

[105]

Irrigated 150 90 - -

Irrigated 200 125.7 - -

Non-irrigated 100 58.9 - -

Non-irrigated 150 53.4 - -

Non-irrigated 200 65.6 - -

Prince Edward
Island, Canada

Russet
Burbank

Sandy loam AN
Band application

at planting
-

2016 TPNUp

[127]

0 83.6 bc 111.0 b

60 110.2 bc 141.9 a

120 177.8 ab 175.4 a

180 198.2 ab 160.2 a

240 219.3 a 153.9 a

Chayouzho-ngqi,
China Kexin-1 Sandy loam Urea

30% of total N
broadcasted at

planting; remaining
70% N drip fertigated
during plant growth

T1: 8 equal
drip irrigations
of 22.5 mm; T2:
drip irrigation
based on plant
root distribution

TPNUp at harvest

[138]
2020 2021

T1: 180 300 - - 152.78 b 160.85 b

T2: 180 300 - - 188.61 a 193.26 a

Hohhot, China Favorita Sandy loam Urea and PN
Broadcasting,

sprinkler fertigation,
ridge placement

by hand

Apparent N loss TPNUp

[130]

2016 (y1) 2017 (y2) 2016 2017

Sprinkler
fertigation

y1: 200.7 y2:
205 273 132.1 b 148.9 a 345.0 a 246.0 a

Furrow
irrigation

y1: 601.8 y2:
593.7 273 237.5 a 276.7 b 162.0 b 126.0 b

TNUp: Tuber Nitrogen Uptake; TPNUp: Total Plant Nitrogen Uptake; SF: Surfactant; AN: Ammonium Nitrate; AS: Ammonium Sulphate; DAP: Diammonium Phosphate; PCU: Polymer
Coated Urea; PN: Potassium Nitrate; L/ha: liters/hectare; Means within a column in each references followed by a different letter are significantly different at p < 0.05.



Agronomy 2023, 13, 2566 19 of 28

Table 4. Interactive effects of irrigation and nitrogen rates on potato yield, WUE, and NUE.

Location Irrigation Method N
Application Method N Source Irrigation Rate N Rate (kg/ha) Tuber Yield (Mg/ha) WUE

(kg/m3)
NUE

(kg Yield/kg N) Reference

California, USA

Line source sprinkle
irrigation, target

irrigation maintained
soil moisture between

FC and 65% of FC,
High = 120% of target,
Low = 80% of target

170 kg/ha was
applied before
planting in all
N treatments

AN fused with
AS (26-0-0-14S)

Target 170 54 - - 317.6

[132]

Target 225 55.9 - - 248.4

Target 280 66.2 - - 236.4

High 170 55.3 - - 325.3

High 225 57.5 - - 255.6

High 280 69 - - 246.4

Low 170 40.5 - - 238.2

Low 225 41.9 - - 186.2

Low 280 37.6 - - 134.3

Ningxia, China
(arid region)

Film drip irrigation, FI,
20% DI and 40% DI
provided 2100, 1680,
and 1260 m3/ha of
water, respectively

Fertigation (split
doses at seedling

stage, tuber
formation stage,

tuber growth stage,
and starch

accumulation
stage @1:2:2:1)

46% urea

2021 2022 2021 2022 2021 2022

[139]

FI 270 52.49 51.42 25 24.4 194.4 190.3

FI 190 46.86 49.74 22.3 23.6 246.6 261.8

FI 110 54.53 53.64 25.9 25.5 495.7 487.6

20% DI 270 50.18 50.11 32.1 32.1 185.8 185.6

20% DI 190 48 49.5 30.7 31.7 252.6 260.5

20% DI 110 46.12 46.95 29.5 30.1 419.3 426.8

40% DI 270 49.42 49.45 41.1 41.2 183 183.1

40% DI 190 43.84 44.43 36.5 37 230.7 233.8

40% DI 110 39.96 39.89 33.3 33.2 363.3 362.6

control control 35.79 39.79 17 18.9 238.6 265.3

Médenine,
South-Eastern

Tunisia
Drip irrigation method Fertigation AN

2010 2011 2010 2011 2010 2011

[56]

FI 0 13.15 14.99 4.89 5.9 - -

FI 100 15.07 17.83 5.6 7.02 19.2 28.4

FI 200 18.89 21.4 7.02 8.43 28.7 32.04

FI 300 22.72 25.12 8.45 9.89 31.9 33.7

40% DI 0 11.39 12.45 7.07 8.14 - -

40% DI 100 12.05 14.15 7.48 9.25 6.6 17

40% DI 200 14.78 16.95 9.18 11.08 16.9 22.5
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Table 4. Cont.

Location Irrigation Method N
Application Method N Source Irrigation Rate N Rate (kg/ha) Tuber Yield (Mg/ha) WUE

(kg/m3)
NUE

(kg Yield/kg N) Reference

Médenine,
South-Eastern

Tunisia
Drip irrigation method Fertigation AN

40% DI 300 15.94 19.7 9.9 12.88 15.1 24.1

[56]

70% DI 0 7.42 9.48 9.16 12.31 - -

70% DI 100 8.53 11.53 10.53 14.97 11.1 14.2

70% DI 200 9.68 12.01 11.95 15.6 11.3 12.6

70% DI 300 9.24 11.91 11.41 15.47 6.0 8.1

Nubaria
region, Egypt Drip irrigation method

Fertigation (applied
at 6 day intervals in

15 equal doses
starting two weeks

after planting)

AN

2010 2010 2010

[55]

100% ETc 160 29.68 9 176

100% ETc 220 37.87 11.6 165

100% ETc 280 43.76 13.3 151

100% ETc 340 47.84 14.6 136

80% ETc 160 27.32 10.4 162

80% ETc 220 35.25 13.5 154

80% ETc 280 39.53 15.1 136

80% ETc 340 44.56 17 127

60% ETc 160 22.53 11.4 132

60% ETc 220 27.92 14.2 120

60% ETc 280 33.95 17.2 116

60% ETc 340 31.32 15.9 88

40% ETc 160 19.37 14.8 112

40% ETc 220 25.52 19.5 109

40% ETc 280 23.18 17.7 78

40% ETc 340 20.16 15.4 55

AN: Ammonium Nitrate, AS: Ammonium Sulphate; FC: Field capacity; FI: Full irrigation; DI: Deficit irrigation; ETc: Crop evapotranspiration.
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11. Economics of Deficit Irrigation

The potato is recognized as one of the potential crops suitable for deficit irrigation [140].
Deficit irrigation can be used successfully for vegetable production in water-limited envi-
ronments, conserving significant amounts of irrigation water and maintaining crop yield
and quality [141]. The potential benefits of deficit irrigation could be achieved through
either increasing irrigation efficiency or reducing production costs [142,143]. Reducing
annual irrigation rates and minimizing groundwater withdrawals have the potential to
achieve long-term economic benefits [98]. However, deficit irrigation should be carried out
in a careful way because severe water stress due to deficit irrigation may lead to a heavy loss
of crop yield. Chai et al. [144] concluded that a regulated DI strategy can save 20–30% of
irrigation water in crop production under favorable conditions. Jensen et al. [145] also dis-
covered that DI and PRD strategies have the potential to save 20–30% of the water needed in
fully irrigated potato and tomato crops without significant yield losses. Nagaz et al. [146]
reported that the application of 30% DI (70% ETc) resulted in average losses of 16.1% and
25.8% in tuber yield and net income, respectively, when compared with full irrigation (100%
ETc) for three years of potato production under surface drip irrigation systems. There were
higher economic benefits (3.1%) and lower carbon footprints (14%) under furrow-irrigated
PRD as compared to drip irrigation, which incurred extra costs related to pipelines, filter
systems, machinery, and installation [147]. Bohman et al. [98] did not find any significant
reduction in the net economic return of potato production with a reduced irrigation rate
(15% less than the conventional rate). Onder et al. [72] reported that irrigating potatoes
at 66% ETc was more economically profitable than full irrigation and 33% ETc irrigation.
Apart from the possible economic and environmental benefits of deficit irrigation, Shock
and Feibert [148] revealed that the production cost saving due to reduced water application
was minimal, which could pose a greater threat to potato growers and processors because
of the lower tuber yield under DI practices. The researchers also proposed that deficit
irrigation could be significantly profitable in areas where the cost of irrigation water or
water pumping is high. According to Trifonov et al. [149], it is economically viable to
produce higher tuber yields with reduced irrigation doses in areas where agricultural land
is not a constraint; however, the long-term effects of using saline water in irrigation should
be considered. To understand decision making for profitable deficit irrigation in potatoes,
Karam et al. [150] performed an analytical methodology describing five terms, namely:
Wm (water level at which crop yield per unit area is maximum), Wl (water level at which
net income per unit of land is maximum), Ww (water level at which net income per unit of
water is maximum), Wel (deficit irrigation level at which net income is equal to that of full
irrigation when land is limited), and Wew (deficit irrigation level at which net income is
equal to that of full irrigation when water is limited). The authors concluded that when
water is the limiting factor, irrigating with Ww and Wew can save 6.1 and 11.8% of water
with 2.2 and 11.8% yield reductions, compared to Wm, respectively, and when land is
limited but water has no limitation, the application of Wel deficit irrigation gives same
yield as full irrigation, conserving 402.8 m3 water per year [150].

12. Impacts of Deficit Irrigation on Soil Salinity in Potato Fields

The potato is classified as a moderately sensitive crop to soil salinity with a threshold
soil salinity ECe (soil electrical conductivity) level of 1.7 dS/m [151,152]. Irrigation water
with varying levels of salinity is commonly used in potato crops in many places around the
world [153]. The relative yield potentials of potato for 0.8, 2.6, and 4.7 dS/m ECe of soil
salinity were 100, 81, and 73%, respectively [152]. The deficit irrigation strategies resulted
in a higher level of soil salinity (ranging from 3.5 to 6.5 dS/m) as compared to full irrigation
treatment (ranging from 2.7 to 5.4 dS/m) under the arid conditions of Southern Tunisia [62].
Mokh et al. [56] also reported a low level of soil salinity in full irrigation (100% ET) and
40% DI (60% ET) as compared to 70% DI (30% ET). The increased soil salinity observed in
deficit irrigation treatments is due to the lack of significant salt leaching that occurs under
water-deficit conditions. Ghazouani et al. [154] suggested that deficit irrigation should
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be avoided when saline water is the only water source accessible to a farm because of
excessive salt accumulation in the root zone, which negatively impacts crop growth and
yield. In comparison to full irrigation, the researchers found higher levels of soil electrical
conductivity under about 50% DI at all growth stages and seasons of potato crop irrigated
with EC (Electrical conductivity) 4.1 dS/m water [154]. They also reported that a 1.0 dS/m
increase in irrigation water EC resulted in about a 10% yield reduction. However, lower
ECe values statistically similar to that of full irrigation were obtained under 30% DI as
compared to 60% DI and farmers’ irrigation practice of applying 16 mm of water every
four days from planting to harvest [146]. Even though farmers’ irrigation practices used
15–22% more irrigation water than full irrigation treatment, the authors explained that
the higher soil salinity under farmers’ practices was due to reduced salt leaching caused
by over-watering during early stages of growth and under-watering during mid and late
seasons [146].

13. Conclusions

Water and nitrogen are two major inputs highly discussed and prioritized in potato
production. Considering evident climate change impacts, water level declines in ma-
jor aquifers, and soil and environmental health issues, there is a dire need to develop
sustainable irrigation and nitrogen management practices in potato production systems.
Numerous studies have shown that excessive irrigation water and nitrogen application
rates in potato fields increase nitrate leaching from soil and degrade the groundwater
quality. Depending on the climate, crop varieties, soil characteristics, and water availability,
the application of slight/moderate deficit irrigation (10–30%) practices along with lower N
rates (60–170 kg N/ha) possesses a great opportunity to enhance water and nitrogen use
efficiencies while maintaining optimum yield and quality in potato production. However,
deficit irrigation strategies should be practiced carefully considering salinity levels in irriga-
tion water, soil salinity, and soil N accumulation. Researchers have demonstrated increased
N leaching when over-irrigating the potato field; at the same time, more salts are likely to
accumulate in upper layers of the soil, leading to salinity issues when under-irrigating the
potatoes. In the trade-off between these, this review suggests conducting more research to
determine the best water-saving irrigation strategies for potato production in water-limited
regions, which could employ reduced N application rates by minimizing nitrate leaching
beyond the crop root zone. Irrigation scheduling using local crop coefficients (Kc), using
sprinkle and drip irrigation methods, slow-release nitrogenous fertilizer application, split
N application, and applying water and nitrogenous fertilizers as per the crop growth
stage requirements are the best irrigation and nitrogen management practices for potato
production, as discussed in this review.
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