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Abstract: Narrow profit margins, resource conservation issues and environmental concerns are the
main driving forces to improve fertilizer uptake, especially for potatoes. Potatoes are a high value
crop with a shallow, inefficient root system and high fertilizer rate requirements. Of all essential
nutrients, nitrogen (N) is often limiting to potato production. A major concern in potato production
is to minimize N leaching from the root zone. Therefore, the main objective of this study was to
examine the potato crop characteristics under drip irrigation with low-discharge (0.6 L h−1) and to
determine the optimal combination of irrigation (40, 60, 80, and 100%) and fertigation (0, 50, and 100%)
doses. In this study, the 80% (438.6 mm) irrigation dose and a 50% (50 mg N L−1) fertigation dose
(W80%F50%) showed that these doses are sufficient for optimal potato yield (about 40 ton ha−1)
in conjunction with water and fertilizer savings. Moreover, this treatment did not exhibit any
qualitative changes in the potato tuber compared to the 100% treatments. When considering water
productivity and yield, one may select a harsher irrigation regime if the available agricultural soils
are not a limiting factor. Thus, higher yields can be obtained with lower irrigation and fertigation
doses and a larger area.

Keywords: water productivity; nitrogen productivity; fertigation; drip irrigation; low-discharge;
arid regions

HIGHLIGHTS:

• Potatoes grown under low-discharge drip irrigation in desert region
• Tuber yields and quality were similar to the ones from sprinkler irrigation
• Water productivity affected by water dose and nitrogen level

1. Introduction

Potato (Solanum tuberosum L.) growth is characterized by a high demand for nitrogen fertilizer
due to its necessity for proper plant and tuber development [1–3]. However, due to a shallow
(approximately 30 cm) and inefficient root system, applied water and fertilizer is at risk of leaching
below the root zone [4,5]. Although potatoes have a relatively high value, fertilization costs might
negatively affect their profitability [6,7]. Therefore, one needs to adjust nitrogen and water availability
to crop demand in order to maximize yield, tuber quality, and nitrogen productivity [8–10].

The potato growing season in Israel is from autumn (September–November) to late spring
(May–June). The growing area is about 16,000 ha with annual production of approximately
650,000 ton/year. Most growing areas are found in the western Negev region (about 75%); about 20%
are located in the center and the remainder in the Galilee and Arava Desert. Whilst appropriate
areas for growing potatoes are available in the Arava Desert, there is a shortage of irrigation water
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and the supply needs to be ensured throughout the growing season. Additionally, the quality of
the irrigation water available for potato growth in this region is low due to its relatively high salt
content (2–4 dS m−1). This presents a real obstacle to the use of sprinkler irrigation—commonly
considered as the best irrigation technique for potatoes [11]. Moreover, due to the low irrigation
efficiency of sprinkler irrigation (about 75%), there is a loss of water and leaching of mobile nutrients.
These inherent inefficiencies clearly lead to very low recoveries of applied fertilizers as well as the
possibility of groundwater contamination.

In Israel, potatoes are usually grown on sandy soils, which have low water and nutrient
holding capacity, thus increasing the risk of nitrogen loss by leaching under excess irrigation [12,13].
Thus, an alternative practice should be adopted in such areas and especially in arid areas where water
resources are limited.

The use of drip irrigation and fertigation may be the solution. The employment of dripper
discharge lower than 0.6 L h−1 has been recently demonstrated as an efficient method for potato
growth in an arid region [14]. Due to low discharge and precise water application, drip irrigation
reduces groundwater contamination, water and fertilizer waste, and energy inputs [15–17]. Surface or
subsurface drip irrigation enables high water and oxygen availability in the root zone due to partial
wetting [18]. Because of high soil-water pressure head and hydraulic conductivity in the root zone,
water and nutrient availability is increased [19,20]. By minimizing the seepage losses beneath the
shallow potato root zone, water and nitrogen productivity can be increased [21,22]. However, in the
long term, one should monitor and prevent the accumulation of salts in the root zone, especially in
arid areas where precipitation is almost negligible [23–25].

In areas where fertigation is applied, it is important to take into consideration the dripper
discharge, the spacing between drippers, and soil hydraulic properties in order to achieve the optimal
water content [26–29] and nitrogen availability [30] in the root zone.

Increasing water productivity (i.e., the volume of irrigation water required for a desired
yield) is currently one of the main goals in arid and semi-arid regions [31,32]. Recently,
Trifonov et al. [14] suggested that higher water productivity in potato crops could be achieved in
the Arava Desert by using low-discharge drip irrigation. In their study, the combination of emitter
discharge (0.6 vs. 1.6 L h−1), spacing (25 vs. 50 cm) and irrigation dose (40, 50, 60, 80, 100 and 120%;
where 100% was approximately 620 mm) was examined. In terms of tuber yield, it was found that
a combination of sprinkler irrigation for germination (approximately 100 mm) and low discharge
drip irrigation produced potato yields similar to the ones obtained from sprinkler irrigation, without
harming tuber marketability (i.e., size and quality). The results suggested that the 80% irrigation dose
is sufficient for optimal tuber yields and that discharge of 0.6 L h−1 is applicable for dripper spacing
ranging from 20 to 50 cm. In terms of water productivity, it was demonstrated that the lower the
irrigation dose the higher the water productivity.

Following the insights from our previous study [14], we further examined the influence of the
irrigation water dose in conjunction with three nitrogen levels on potato growth in the Arava Desert.
Hence, the main objective of this study was the optimization of potato growth under a low discharge
drip irrigation and fertigation regime.

2. Materials and Methods

2.1. Site Description

The experiment was carried out over the winter of 2014–2015 on Kibbutz Yotvata, situated
in the Arava Desert region of Israel. The commonest crops in this area are date palms, onions,
and potatoes grown mainly in loamy sand (83% sand, 8% silt, and 9% clay) with a bulk density of
1.3 g cm−3. The saturated water content, field capacity and wilting point are 0.36, 0.13, and 0.05 (v v−1),
respectively. The saturated hydraulic conductivity of this soil is 0.15 m h−1. This area has a dry
desert climate and during the study period the mean precipitation and class-A evaporation pan were
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approximately 32 mm and 620 mm, respectively. The annual temperature varied between 16 ◦C and
31 ◦C (Figure 1). Additional climatic information on the study area and season can be found in [14].

Figure 1. (a) Min. and max. Temperature; (b) cumulative evaporation (mm), and daily precipitation
(mm) during the growing season starting from sowing date.

2.2. Experimental Design

The experimental field was roughly 0.2 ha in size (A = L × W = 180 m × 10.8 m). The experimental
design consisted of 12 treatments with four replicates (i.e., 48 plots). Each replicate consisted of
three beds, each 15 m by 0.9 m. The drip line had drippers with a 0.6 L h−1 discharge and 25 cm
spacing between the drippers. As mentioned previously, this setup was selected based on our
previous experiments that examined drip discharge and spacing for optimal water productivity [14].
The main findings from the previous study demonstrated that a combination of sprinkler irrigation
for germination followed by low discharge drip irrigation could provide potato yields similar to
those reported for sprinkler irrigation only, without harming tuber size and quality. During the
two years of the previous study, the 80% water dose (i.e., 100% was approximately 620 mm) was
sufficient for optimal potato growth in conjunction with water and fertilizer savings (fertigation rate
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was 100 mg N L−1). Accordingly, the current experiment examined the effect of nitrogen dosage (i.e., 0,
50, and 100%) in conjunction with the water dose (i.e., 40, 60, 80, and 100%) on potato growth and
yield. The treatments were marked as following: WX%FX%, where W and F refer to water irrigation
and fertigation, respectively, and X is a % value (e.g., W80%F50%: 80% irrigation water dose and
50% fertigation dose). The treatment blocks were randomly distributed over the experimental fields.
The representative chemical composition of the irrigation water in Yotvata is shown in Table 1.

Potato tuber (cv. Hermes) sowing took place on 28 October 2014. This date is day zero after
sowing (i.e., DAS = 0). Tubers were distributed at a density of five tubers per meter at a depth of
20 cm. The spacing was 1 m between beds and the height of each bed was 40 cm with a trapezoid-like
shape—created during placement of the shallow subsurface drip irrigation laterals at 5 cm depth
(DAS = 2). The cumulative dose of irrigation water for germination was about 100 mm and was
provided by sprinkler irrigation at three-day intervals. The actual cumulative irrigation dose, supplied
by drip irrigation for each treatment, is shown in Table 2.

In the Kibbutz Yotvata fields, the main nitrogen sources are fertigation and soil amendment with
composted cattle manure, produced from the kibbutz’s dairy barns. The representative composition
of this composted cattle manure is given in Table 3. It was applied at 40 m3 ha−1 before sowing.
Consequently, this was the main nitrogen source for the F0% treatments. The fertigation with nitrogen
fertilizer, 100 mg N L−1 of “Arava” liquid fertilizer (ICL Ltd., Haifa, Israel), was supplied with the
irrigation water. The nitrogen amount for each irrigation regime was proportional to the irrigation dose.
However, since a continuous irrigation regime was employed, the available nitrogen concentration
in the soil solution was comparable. The Arava fertilizer consists of NH4NO3 and KNO3 as the
nitrogen sources. Moreover, it was adjusted to be used with the irrigation water that is common to the
Arava region (<1% Cl− and an acidic pH). It is important to mention that the fertigation started with
initiation of drip irrigation (DAS = 26) and halted at the foliage top-kill (DAS = 130). Following the
foliage top-kill, irrigation (without fertigation) was continued for three weeks, for the purpose of peel
formation, until the harvest (DAS = 152).

2.3. Sampling and Analysis

Each replicate consisted of three rows and, to avoid edge effects, only the middle bed was
sampled. During the growing stage, five samples (DAS = 58, 71, 85, 99 and 113) of petiole nitrate-N
concentration were taken. The sampling was performed on fully expanded youngest leaves on the
main stem, typically fourth or fifth from the top, from three different plants [33]. The sampling was
performed at 7 to 14 day intervals [34]. At DAS = 152, the potato yield was assessed on collected
tubers from an approximately 2 m2 area (2.2 m by 0.9 m). The yield from all four replicates was pooled
and weighed. In addition to this, two random replicates from each treatment were selected and the
following data were collected for about 1600 tubers: Tuber length, tuber width, tuber mass, and their
total number. The tuber qualitative evaluation included dextrose concentration and percentage of
total solids. The soil, both above (0–5 cm) and beneath (5–20, 20–40 and 40–60 cm) the drippers,
was sampled at the beginning and end of the growing season. These samples are referred to later as
5, 20, 40 and 60 cm, respectively. Chemical analyses (EC, Cl−, dissolved organic carbon (DOC), total
nitrogen (TN), NO3

−, and NH4
+) were performed on 1:1 soil:double distilled water (DDW) extracts.

2.4. Statistical Analysis

Multifactorial analysis of the irrigation and nitrogen treatments showed no significant effect.
We performed our statistical analysis based on each treatment. Data were analyzed by analysis of
variance (ANOVA) by using JMP software (version 12, 2015, SAS InstituteCary, NC, USA). Means were
separated using the Student’s-t comparison test at the probability level (p) of 0.05. Differences at the
p < 0.05 level were considered to be significant. Deviation from the mean is presented in the tables and
figures as standard deviation (SD).
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Table 1. Representative Yotvata irrigation water composition.

Ca2+ Mg+2ss Na+ K+ PO4
−3 NO3

− NH4
+ SO4

−2 HCO3
− EC pH

mg L−1 dS m−1 -

192.2 + 3.7 139.4 ± 5.1 290 ± 5.7 12.8 ± 2.6 0 4 ± 0.3 0 758.5 ± 17.6 226.7 2.5 ± 0.6 7.2 ± 0.1

Table 2. Actual cumulative irrigation (mm) according to the irrigation and fertigation regime.

W40%
F0%

W60%
F0%

W80%
F0%

W100%
F0%

W40%
F50%

W60%
F50%

W80%
F50%

W100%
F50%

W40%
F100%

W60%
F100%

W80%
F100%

W100%
F100%

226.6 331.0 435.2 549.2 224.8 333.3 438.6 547.1 222.6 331.5 436.6 541.5

Table 3. Representative Yotvata composted biosolids composition (source: Dairy barn).

Ca+2 Mg+2 Na+ K+ P OM N P K C C/N EC pH

103 × mg L−1 %wt. - dS m−1 -

120.5 5.8 11.2 21.1 5.5 35.7 ± 0.6 1.6 ± 0.2 1.0 ± 0.0 2.1 ± 0.1 21.0 ± 0.0 12.3 ± 1.1 37.3 ± 4.1 8.1 ± 0.1
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3. Results and Discussion

3.1. Water Inputs and Outputs

The impacts of water restriction on potato production will likely increase over the next decades
due to climate change. Alternatively, areas that were not previously considered as arid may undergo
desertification, thus forcing farmers to adapt to new conditions. Therefore, there is a need for a suitable
irrigation regime as well as knowledge of soil properties. Each soil type has its own properties that will
indicate the water availability to the crop. Based on the field capacity and wilting point of the soil in
our study, the available soil water storage was approximately 8%. Specifically, a bed width of 0.9 m and
active root zone of 0.3 m allows for an estimation that the available water (storage) is approximately
22 mm. Assuming that this is the case for all treatments, it makes up about 10% of the low irrigation
dose (i.e., 40%) and about 4% of the higher dose (i.e., 100%). Note that the net contribution of rainfall
to the water balance was negligible (about 32 mm) as the differences in water storage between the
beginning and end of the growing season were small. Specifically, the mean precipitation in the study
area is about 30 mm/year, distributed over 5 to 10 rain events (e.g., Figure 1). Considering the potential
evaporation in the study region (i.e., approximately 5 mm/day), clearly the rain contribution on a daily
basis is negligible. The above precipitation level and distribution is common to the study area [14] and,
consequently, the rain contribution to the total water balance. Consequently, the potato growth in
this area is entirely dependent on the supplied irrigation and fertigation. The actual irrigation dose
corresponded well to the planned doses as can be seen in Table 2, with the average deviation from
the planned dose being <1%. The actual 100% irrigation dose was about 545 mm; together with
the germination dose (100 mm), the total water applied was 645 mm, comprising about 80% of the
cumulative potential evaporation during the growing season (787 mm—Figure 1).

3.2. Tuber Yield

A common yield value for the Hermes cultivar in the Arava region is approximately
40 ton ha−1 [14]. The potato yield from this study (3rd year) attained that value and was similar
to the results obtained from the study two years earlier. This supports the evidence that the yield under
low-discharge drip irrigation is similar to that reported for sprinkler irrigation and ranges from 30 to
50 ton ha−1 [11,35,36]. In Figure 2, the results obtained for the total tuber yield as a function of nitrogen
(F0, 50 100%) and water doses (W40, 60, 80, 100%) are presented. For a given nitrogen treatment,
no significant differences for tuber yield were found between the irrigation doses, excluding the F0%
treatment where tuber yield under the W80% irrigation dose was found to be significantly higher than
the lower (i.e., W40% and W60%) and higher (i.e., W100%) irrigation doses. A possible explanation for
this observation may be attributed to the nitrogen availability. Specifically, since the only source of
nitrogen in the F0% treatment is from the applied compost, the rate and extent of its release from the
solid compost to the soil solution will govern its availability. In this regard, an irrigation dose lower
than W80% may not be sufficient while the higher irrigation dose (i.e., W100%) may leach the available
nitrogen from the root zone. Figure 2 suggests that some saving of water and fertilizer are possible.
However, additional parameters should be considered in order to conclude the optimal irrigation and
fertigation regime.
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Figure 2. Potato tuber yield (ton ha−1) as a function of irrigation and fertigation regime. Values with
the same letter are not significantly different (p < 0.05).

3.3. Water Productivity

The amount of irrigation water needed to obtain a given yield (kg m−3) is termed water
productivity. The results obtained (Figure 3) clearly demonstrated that, for a given nitrogen treatment,
water productivity decreases with increased irrigation dose. These results are in agreement with our
previous study on potato growth using low discharge drip irrigation [14].

Figure 3. Water productivity (kg m−3) as a function of irrigation and fertigation regime. Values with
the same letter are not significantly different (p < 0.05).
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However, for a given irrigation dose, significant differences in water productivity could only be
observed between the F0% treatment relative to the F50% and F100% treatments. The latter did not
exhibit a significant difference, implying that for the nitrogen treatments employed in this study the
limiting factor of water productivity in potato growth is the dose of irrigation water.

The comparison between the F0% treatment relative to the F50% and F100% treatments implied
that both nitrogen and water doses should be considered. Therefore, further reduction in the nitrogen
dose should be examined to evaluate the minimum nitrogen treatment from which water productivity
is reduced. It was interesting to see that the total tuber yield obtained for the W80%F0% treatment
was not significantly different from the one obtained for the W40%F50% and W60%F50% treatments.
However, the other F0% treatments exhibited a significantly lower yield than the F50% and F100%
treatments, suggesting that at low irrigation doses, nitrogen availability is the limiting factor for
tuber yield. Concerning the W100%F0% treatment, we can assume that the additional water caused
additional leaching of nutrients such as nitrogen.

If water and fertilizer costs are of a big concern for the farmer, one may apply the W40%F50%
regime. However, in order to compensate for a relatively decreased yield, it is necessary to increase the
field size in order to produce profitable amounts of potatoes.

3.4. Nitrogen Productivity

Nitrogen productivity refers to the yield per applied N fertilizer (ton kg−1). This value also
implicitly depends on the interaction of the given water dose to the fertigation and, as a result,
the harvested yield (Figure 4). The main nitrogen addition was due to fertigation and therefore
the F0% treatments are not included in Figure 4 due to uncertainty regarding the release dynamics and
concentrations of soluble nitrogen from the soil-compost solid phase. Nitrogen productivity decreases
with an increasing water dose, which indicates an efficient usage of nitrogen fertilizer. Similar to the
results for water productivity, Figure 4 shows that much more nitrogen was applied as compared to
the yield with increasing water dose.

Figure 4. Nitrogen productivity (ton kg−1 N) as a function of irrigation and fertigation regime. Values
with the same letter are not significantly different (p < 0.05).

3.5. Potato Tuber Size Distribution

In addition to the total harvested yield, marketability and commercial value are of considerable
importance in directing farmer decision making. In Israel, a major marketability criterion is tuber
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width. The results of the cumulative width distribution of all treatments are shown in Figure 5.
We used the trade standard of selecting potatoes larger than 50 mm width (diameter); vertical dashed
lines in Figure 5. The following cumulative width distributions are based on this standard. The results
show that the mean value of tuber widths higher than 50 mm for the three fertigation treatments are
45.16 ± 12.76%, 62.06 ±4.06%, 60.55 ± 3.49% for the F0%, F50%, and F100%, respectively (see Figure 4
for detailed values per fertigation treatment). The F50% treatment was similar to F100% and
both were very different from the F0%. With regard to the water doses, no significant differences
between treatments were found. Tuber length and mass distribution were also recorded (data not
shown) and good correlations were found between tuber length/width and tuber mass/width
(mass = 0.0007 width2.9273, R2 = 0.98; length = 0.7599 width1.1016, R2 = 0.93). Based on this scaling
it is reasonable to use one tuber parameter.

Figure 5. Cumulative frequency of tuber width according to the treatments. (a) F0%; (b) F50%; (c) F100%.
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3.6. Potato Tuber Quality

Representative samples of tubers from each treatment were assessed for other commonly used
quality parameters. Tuber color was assessed by spectroscope, where a score of 60 (arbitrary units) and
above is considered acceptable for market. No significant differences were found between treatments
(mean value 67.0 ± 1.94). Total solids percentage (dry mass basis) should range from 19 to 26%.
Our results were a low but acceptable mean of 21.3 ± 0.45%. The Hermes cv. is primarily grown
as a chipping potato and so low dextrose values are preferred. Higher dextrose values (>0.1 g L−1)
are not considered marketable as high dextrose concentrations leads to dark tubers, an unattractive
trait for potato chips. While color and total solids were consistent between treatments, the dextrose
concentrations showed some variation (mean 0.008 ± 0.005 g L−1), although this was not significant.

Field size may compensate for the total yield. However, the quality of the potato tuber should
be a significant parameter in this agricultural practice selection. Considering the large treatment
differences in fertigation and irrigation in this study, it is surprising that tuber size and mass distribution
was so consistent. Regarding fertigation, the 50% fertigation dose did not result in reduced tuber
size. This may be because of the irrigation method used here (i.e., shallow, subsurface and with low
discharge rates), which delivers both water and nutrients to the active root zone, and its combination
with applied composted manure. Moreover, there were no qualitative differences observed between
the treatments.

These insights, in conjunction with the results of water and nitrogen productivity, imply that
the additional nitrogen (i.e., the difference between the F50% and F100% treatments), was mainly
consumed and allocated to vegetative growth (canopy), and is not reflected in significantly higher
tuber yield and/or quality. Moreover, the additional nitrogen also may have been wasted and leached
from the root zone, thus leading to economic waste and potential groundwater contamination.

3.7. Nitrogen in the Petioles

The petiole N-NO3 concentration is a common indicator for plant N demand and the available
nitrogen from fertilization [33]. We used this metric to better understand nitrogen uptake and demand
during the season and thus to monitor the effect of different N regimes. From the multivariate analysis
of the petiole nitrogen, we found that, for a given N treatment, there was no significant difference in
petiole nitrogen between the water doses. Thus, in Figure 6 the results are the means from the four
water treatments at a given nitrogen treatment (i.e., 16 replicates). It can be seen for all the treatments
that petiole nitrogen concentration increases with increasing plant size until it reaches a maximum at
DAS = 85. After that stage until harvest, there is a decrease in petiole nitrogen concentration, likely
due to resource translocation for tuber development. There is a clear difference between the fertigation
doses; the higher the fertigation dose the higher the petiole nitrogen concentration in all five sampling
events. This is particularly marked for the F100% treatment compared to the F50% and F0% treatments.

Figure 6. N-NO3 in petioles during the growing season.
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3.8. Soil Analysis

Deficient irrigation may cause accumulation of salts, especially when it combines fertigation.
In addition, when applying fertilizers that contain highly mobile components such as nitrates,
one should consider leaching and possible contamination hazards. As mentioned before, shallow
sub-drip irrigation with low discharge can minimize these hazards. However, there is a need to leach
the accumulated salts, especially from the top 30 cm of the soil profile (i.e., the potato root zone).
Therefore, it is important to examine the soil profile as well as crop parameters.

The soil profile was first sampled after 100 mm sprinkler irrigation was supplied, following
germination and initial seedling establishment (‘Initial’ in Figures 7 and 8). Based on a saturated soil
water content of 0.36 (v v−1) this amount of water is equivalent to about 1.4 pore volumes that flow
through the top 20 cm of the soil. Theoretically, for non-reactive solute transport, two pore volumes of
saturated water flow should fully displace the native salts in this layer.

Even at the lowest irrigation regime (40%, 226.6 mm), approximately 1.6 pore volume of the
20–60 cm layer is displaced and this is enough to leach non-reactive solutes such as Cl− from the active
root zone (Figure 7). Clearly, then, the higher irrigation regimes are able to continuously leach solutes
from the soil profile to a depth of 60 cm and deeper. At the end of the growing season, before the
harvest and soil sampling, the fertigation was stopped in order to ‘kill’ the foliage (i.e., plant water
uptake and transpiration are negligible), but irrigation with reduced water salinity (due to the lack of
fertilizer) continued for a further 21 days, allowing for efficient solute leaching and peel formation.
As already mentioned, the dripper was buried to 5 cm and therefore, under continuous fertigation,
the top soil accumulates salts continuously due to evaporation and capillary rise. Sprinkler or surface
irrigation can achieve removal of these salts between growing seasons when there is no interference of
the foliage.

During the harvest, soil samples in proximity to a dripper were taken until a depth of 60 cm.
The salinity (EC and Cl−) in the top 5 cm was similar to that at the beginning of the season and behaved
similarly in all the treatments. Contrary to the top layer, the rest of the profile was washed.

The EC and Cl− distributions shown in Figure 7 show that accumulated topsoil salts were
displaced by approximately 20 cm and this is in broad agreement with the solute transport/pore
volume relationship mentioned above. The top soil layer EC and Cl−1 values (3.52 dS m−1 and
422 mg L−1 respectively) obtained from 1:1 (soil:DDW) extracts indicate a chemical equilibrium was
being established in this system.

Figure 7 also shows the DOC concentration in the soil profile. The DOC sources are organic
amendments and plant litter. DOC is an available carbon source for microbial activity, which in turn
can increase the nitrogen demand and consumption by microorganisms [37]. It can be seen that the
DOC concentrations are similar between the treatments. Similar to Cl−, DOC was also washed but
with lower impact. This can be explained due to higher retardation of DOC in the soil because of the
many DOC functional groups. From the C/N ratio (DOC/TN—data not shown), we observed that
with higher fertigation and water dose we have more nitrogen in the soil profile and thus a lower
C/N ratio. A low C/N ratio implies high nitrogen concentrations in the soil profile and thus can be
interpreted as both a waste of fertilizer and an increased hazard for groundwater contamination.

With regard to the nitrogen, we examined the inorganic and organic fractions. The inorganic
nitrogen includes NO3

− and NH4
+. The organic fraction is the dissolved organic nitrogen (DON)

calculated by subtraction from the total nitrogen (TN): DON = TN − N-NO3
− − N-NH4

+.
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Figure 7. Mean values of soil sample analyses (1:1 soil:water) for EC, Cl−, and DOC at four different
depths (5, 20, 40, and 60 cm) according to the irrigation regime. The dashed line (‘Initial’) represents
the sampling at the beginning of the season. (a,b,c) F0%; (d,e,f) F50%; (g,h,i) F100%.
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Figure 8. Mean values of soil sample analyses (1:1 soil:water) of TN, NO3
−, NH4

+ and DON at four
different depths (5, 20, 40, and 60 cm) according to the irrigation regime. The dashed line (‘initial’)
represents the sampling at the beginning of the season. (a–d) F0%; (e–h) F50%; (i–l) F100%.
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It can be seen (Figure 8) that the TN was mainly compromised of NO3
−, except for the F100%

treatment that also had a higher fraction of DON. In general, NH4
+ concentrations were significantly

low or negligible for all treatments, both at the beginning and at the end of the season. TN was
leached and/or consumed mainly in the F0% and F50% dose treatments, thus minimizing waste and
N contamination of groundwater. More importantly, the F50% treatment was able to sustain profitable
potato yield and quality. As for the F100% treatments, some accumulation of DON occurred in the
top 5 cm. A similar trend was observed for all the irrigation doses with some higher values in the
W100%F100% treatment, which showed significantly higher accumulation in this top layer. A possible
explanation for this observation is the higher concentration of the mineral nitrogen as reflected by the
lower C/N ratio (data not shown). Specifically, since mineral nitrogen was available for both plants
and microbial activity, the DON was not consumed and thus accumulated in the root zone.

The soil NO3
− concentration was most affected by fertigation due to its addition as the main

source of nitrogen. The NO3
− trend at the beginning and end of the season was similar to that of the

TN. It can be seen that for the F0% and F50% doses, most of the nitrogen was consumed, while for the
100% treatment nitrate accumulated throughout the soil profile, with higher concentrations found in
the top 5 cm.

As mentioned previously, the DON fraction was significantly higher for the F100% dose and
exhibited a similar trend to the NO3

−. As a result, when applying sprinkler irrigation between seasons
when using the F100% treatments, the farmer may leach nitrogen components below the root zone,
reducing the salinity but with possible groundwater contamination.

4. Summary and Conclusions

In arid regions, suitable irrigation techniques and regimes are highly important in order to acquire
a profitable yield. Potato growth is mainly limited by two factors: Water and nitrogen availability.
Excess irrigation can reduce tuber yield due to insufficient oxygen in the root zone and increase
nutrient loss through leaching, which can also result in ground water contamination. Deficit irrigation
may result in decreased tuber yield due to lack of water and a reduction in tuber quality through
unavailability of nutrients or salt accumulation. Moreover, improper plant development will result in
smaller foliage and thus reduced photosynthesis per unit leaf area.

Our results demonstrate that a sequential practice of sprinkler irrigation for the germination phase
followed by low discharge drip irrigation can result in similar potato yields to traditional methods that
utilize sprinkler irrigation, without unduly affecting marketable tuber size and quality. The W80%F50%
treatment (438 mm water and 50 mg N L−1) showed that this dose is sufficient for optimal potato
growth in conjunction with water and fertilizer savings. Furthermore, water productivity is higher
under the lower irrigation regime and, with regard to the economics of food production, farmers may
benefit from these findings. Greater efficiency can be achieved with even lower irrigation doses (40%)
but at the cost of utilizing a greater area. This is feasible if the availability of soils is not limiting but
with the condition that this strategy has to take into account other fixed and variable costs, as well the
environmental consequences of utilizing saline irrigation water.
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35. Matović, G.; Broćić, Z.; Djuričin, S.; Gregorić, E.; Bodroža, D. Profitability assessment of potato production
applying different irrigation methods. Irrig. Drain. 2016, 65, 502–513. [CrossRef]

36. Starr, G.C.; Rowland, D.; Griffin, T.S.; Olanya, O.M. Soil water in relation to irrigation, water uptake and
potato yield in a humid climate. Agric. Water Manag. 2008, 95, 292–300. [CrossRef]

37. Kalbitz, K.; Solinger, S.; Park, J.H.; Michalzik, B.; Matzner, E. Controls on the dynamics of dissolved organic
matter in soils: A review. Soil Sci. 2000, 165, 227–304. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.agwat.2005.04.019
http://dx.doi.org/10.1023/B:IRRI.0000004571.01651.52
http://dx.doi.org/10.1002/ird.471
http://dx.doi.org/10.1007/s00271-010-0214-8
http://dx.doi.org/10.1007/s10665-009-9282-2
http://dx.doi.org/10.1002/jpln.200520526
http://dx.doi.org/10.3390/w8060254
http://dx.doi.org/10.1007/s00271-008-0141-0
http://dx.doi.org/10.1007/BF02838116
http://dx.doi.org/10.1007/s12230-010-9131-x
http://dx.doi.org/10.1002/ird.1983
http://dx.doi.org/10.1016/j.agwat.2007.10.012
http://dx.doi.org/10.1097/00010694-200004000-00001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Site Description 
	Experimental Design 
	Sampling and Analysis 
	Statistical Analysis 

	Results and Discussion 
	Water Inputs and Outputs 
	Tuber Yield 
	Water Productivity 
	Nitrogen Productivity 
	Potato Tuber Size Distribution 
	Potato Tuber Quality 
	Nitrogen in the Petioles 
	Soil Analysis 

	Summary and Conclusions 
	References

