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This study evaluated the impact of integrated water and nutrient management on potato
(Solanum tuberosum L.) yield and soil fertility. A field experiment was conducted using
a split-plot design. Drip irrigation was assigned to the main plots, while nano-NPK levels
(0,3,6,9 g L") and organic fertilizer levels (0, 12, 24 t ha™) were randomly distributed
in the sub-plots. Results showed that the combination (6 g L™ nano %24 t ha™ organic)
significantly maximized nutrient concentrations (NPK) achieving the highest values in
leaves (3.14%, 0.69%, 2.52%) and tubers (1.74%, 0.66%, 2.04%) respectively with
maximum soil nutrient accumulation (32.74, 8.77, 273 mg kg'). Interactions
demonstrated a strong synergistic effect; drip irrigation maintained stable moisture,
preventing nanoparticle aggregation and enhancing organic matter mineralization. This
propelled the marketable yield to its peak at 64.93 t ha™!, a 60.28% increase over the
control. The Soil Nutrient Index (SNI) revealed improved fertility for P and K (2.33)
while N required enhanced management (2.17) to reduce leaching losses. The study
concludes that integrating nanotechnology and organic fertilization under drip irrigation

is an effective strategy for sustainable productivity in light-textured soils.

1. INTRODUCTION

Potato (Solanum tuberosum L.) is one of the most important
food crops worldwide, due to its high nutritional value and
significant economic role in ensuring food security. It serves
as a major source of carbohydrates, in addition to providing
essential proteins and mineral nutrients. The productivity and
tuber quality of potatoes largely depend on the efficient
management of agricultural resources, particularly water and
nutrients, especially in arid and semi-arid regions where water
scarcity and soil fertility decline are common challenges [1].

Drip irrigation is considered one of the most efficient
irrigation systems for optimizing water and nutrient use, as it
delivers water and fertilizers directly to the root zone, reducing
losses from evaporation and leaching while enhancing
fertilizer use efficiency. Recent studies indicate that
integrating drip irrigation with precise nutrient management
improves nutrient distribution in the soil and increases potato
yield compared to conventional irrigation methods [2, 3].

In recent years, multi-element nano-fertilizers (nano-NPK)
have emerged as an advanced approach in sustainable
agriculture due to their high surface area, which enhances
nutrient uptake efficiency and minimizes environmental
losses. Studies have demonstrated that nano-fertilizer
application improves vegetative growth, increases tuber
number and size, and enhances nutrient use efficiency,
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particularly under modern irrigation systems such as drip
irrigation [4-6].

Moreover, organic fertilization remains a fundamental
practice for enhancing long-term soil fertility, as it increases
soil organic matter and improves physical, chemical, and
biological properties, including microbial activity. Recent
research has shown that the application of organic fertilizers
in potato cultivation improves yield, tuber quality, and soil
fertility, particularly in sandy and semi-sandy soils [7, 8].

Furthermore, the Soil Nutrient Index (SNI) serves as a
comprehensive quantitative tool for assessing soil fertility. It
classifies major nutrients (N, P, K) into low, medium, and high
categories and integrates them into a single numerical value
representing the overall soil fertility status. Recent studies
have demonstrated that SNI provides a more accurate and
integrated evaluation of soil fertility changes under different
fertilization practices, including organic and nano-
fertilization, especially when combined with drip irrigation
systems [9-11]. Although previous studies have focused on the
individual effects of fertilization or irrigation on soil fertility,
the integrated evaluation of their interaction on nutrient
translocation efficiency in potato plants and the SNI remains
limited. This study was conducted on a loamy sand soil to
assess the effects and interactions of nano-NPK fertilizer and
organic fertilization under drip irrigation on potato growth and
yield, and soil fertility status. Accordingly, the objectives of
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this study are: (1) to determine the optimum level of nano-
NPK fertilizer under drip irrigation, (2) to evaluate the effect
of organic fertilization on potato growth and yield and nutrient
uptake efficiency, (3) to assess the effect of the interaction
between nano-NPK and organic fertilization on nutrient
translocation from leaves to tubers, (4) to examine the effect
of the interaction between drip irrigation and nano and organic
fertilizers on potato growth and yield and identify the most
efficient treatment, and to evaluate soil fertility through the
SNI.

2. MATERIALS AND METHODS

The field experiment for potato cultivation was conducted
at the experimental field of the College of Agriculture and
Forestry, University of Mosul, located in Nineveh
Governorate at 36.23079° N latitude and 43.07480° E
longitude, during the spring season of 2024. The field was
equipped with a surface drip irrigation system (Figure 1).

Nineveh
Governorate

Figure 1. Map showing the study location field

Table 1. Physical and chemical properties of the soil

Soil Characteristics Quantity  Source

pH 7.4 [12]
Electrical Conductivity, ds m* 0.7

Cation Exchange Capacity, cmol kg 14.3 [13]
Organic matter, g kg* 15 [14]
N, mg kg* 15 [15]
P, mg kg™* 5.2 [16]
K, mg kg'! 120.4 [17]
Sand, g kg! 794.5 [18]

Silt, g kg! 143.0

Clay, g kg! 62.5

Texture Loamy Sand

The soil samples were randomly collected prior to planting

at a depth of 0—30 cm to obtain a composite sample, then air-
dried, crushed, and sieved through a 2 mm mesh to ensure
homogeneity. Laboratory analyses were conducted at the Soil
Science Department Laboratory following the standard
analytical methods cited in Table 1.

The experiment was conducted during the 2024 spring
season, including land preparation plowing, harrowing, and
leveling, and all necessary agronomic practices for potato
cultivation. The field was divided into experimental units
according to the adopted design, with 3 replicates, totaling 36
experimental units.

The study included three main factors as described: First
Factor: Surface drip irrigation system. The system included a
main water tank pumping through main and sub-main pipes to
lateral lines with a 16 mm diameter and a length of 80 m,
equipped with emitters having a discharge rate of 1 L h™! and
25 cm spacing with control valves installed for each treatment
to ensure uniform distribution. Crop water requirements were
determined based on the soil moisture content to achieve a
depth of 42 cm, where soil moisture was measured at 15% of
the field capacity for the loamy sand soil.

Second Factor: nano-NPK fertilizer. A commercial chelated
nano-NPK with a 20:20:20 nutrient composition from Sodour
Ahrar Shargh Company, Iran, was used with particles within
the nano-scale range < 100 nm. Four levels (0, 3, 6, and 9 g
L") were applied by dissolving the required amountina 15 L
fertilizer holder, and the solution was added directly to the soil
within the root zone to ensure uniform distribution.
Fertilization was carried out in three equal splits: the first 15
days after germination, the second 15 days after the first, and
the third 15 days after the second.

Third Factor: Organic fertilizer. Sheep manure prepared on
February 2/2024 by pit-placing, moistening, and plastic-
covering for decomposition was used with samples collected
for laboratory analysis Table 2. The fertilizer was applied at
three levels (0, 12, and 24 t ha™") by incorporating it into the
soil to a depth of 15 cm 10 days before planting to allow for
interaction and enhance nutrient availability for the plant.

Table 2. Chemical properties of the organic fertilizer (sheep

manure)
Fertilizer .
Properties Quantity Source
pH 6.8
Electrical
Conductivity, ds 1.5
m!
C/N 19.85 Chemical analyses were
Organic carbon, 3216 conducted according to
gkg! ’ standard methods used for soil
Orgam]i ;atter, g 554.5 analysis.
Total N, g kg! 16.2
Total P, g kg'! 8.4
Total K, g kg! 25.0

The experiment was conducted according to a split-plot
design within a Randomized Complete Block Design (RCBD)
with three replicates; the irrigation system was assigned as the
main plot, while nano-fertilizer and organic fertilizer
treatments were randomly distributed as sub-plots. The data
were statistically analyzed using the SAS software [19], and
mean comparisons were performed using Duncan’s Multiple
Range Test at a probability level of 0.05 [20].

Planted potato seed tubers cultivar Riviera Solanum



tuberosum L. were used in the study. Planting was carried out
on February 27/2024, at a depth of 10-12 cm in loamy sand
soil [21, 22]. The field was divided into 36 experimental units
for three replicates with an area of 5.625 m? per unit. Each unit
consisted of 3 ridges, 0.25 m wide, 0.75 m apart, and 9 tubers
were planted per ridge with 0.25 m spacing between them. A
distance of 1 m was maintained between replicates, 0.75 m
between treatments, and a 1 m buffer zone between blocks.
Harvesting was conducted on June/11/2024, and soil and plant
samples were collected for analysis.

After the experiment, leaf samples were collected 10 days
after the last nano-fertilizer application on May 15, 2024, and
oven-dried at 70 °C for 48 hours. Samples were ground and
digested using sulfuric acid and perchloric acid [23, 24].
Nitrogen was determined by the Kjeldahl method, while
phosphorus and potassium were also estimated [24]. Similarly,
soil samples were analyzed after harvest to determine nitrogen,
phosphorus, and potassium using the same standard methods.

The SNI was calculated to evaluate soil fertility before and
after planting based on N, P, and K values for the previously
analyzed experimental units and replicates. Nutrient values
were classified according to Table 3, and the index was
calculated using the following equation [25, 26]:

SNI = (NL x 1) + (NM X 2) + (NH x 3)/ TNS

where, NL represents the number of samples in the first
category, NM the second category, and NH the third category,

while TNS represents the total number of analyzed samples.
Table 3. Rating chart of soil nutrient index values

Soil Nutrient Index (SNI) Value Description
Low <1.67 Less fertility status
Medium 2.33-1.67 Medium fertility status
High >2.33 High fertility status

Source: research [27].

3. RESULT AND DISCUSSION

3.1 The effects of nano-fertilizers on plant and soil leaf
nutrient content

3.1.1 Leaf nutrient content (NPK)

According to the results presented in (Tables 4, 5, and 6),
statistical analysis indicated that the application of nano-
fertilizer had a highly significant effect on increasing nutrient
concentrations in leaves (P < 0.0003). The 6 g L level
recorded the highest averages for nitrogen (3.14%), and
potassium (2.52%), for phosphorus content both 3 and 6 g L™
levels achieved the highest results (0.69%), while the control
treatment recorded the lowest values. This superiority is
attributed to the role of nano-particles in improving the
solubility, mobility, and availability of nutrients for root
uptake while minimizing their loss in the soil.

Table 4. Effect of nano-fertilization, organic fertilizer, irrigation system, and their interactions on nitrogen concentration in
potato leaves (%)

Nano Fertilizer (g LY

Irrigation

C . Organic Fertilizer Average
Irrigation Method - x UH
(g ha’) 0 3 6 ? Organic Fertilizer Irrigation
0 1.76 i 320a-c 3.59a 2.80 d-h 2840
Drip irrigation 12 3.52 ab 2.94 c-f 333 a-c 2.94 d-f 3.18a 3.02a
24 2.87 d-h 3.20 a-c 3.07 a-d 3.07 a-d 3.05 ab
Irrigation
x Drip irrigation 2.72 cd 3.11 ab 333a 2.94 be Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 1.76 ¢ 3.07 a-c 329a 2.67 cd 2.70 a
x 12 2.89b-d 2.64d 3.13 ab 271 cd 2.84a
Nano fertilizer 24 2.61d 2.82b-d 2.98 a-d 2.74 cd 2.79a
Average nano fertilizer 242 ¢ 2.84D 3.14a 2.71b

*NPK (F = 18.30, P < 0.0001); T x NPK (F = 8.48, P = 0.0008); I x Org (F = 2.79, P = 0.0726); NPK x Org (F = 0.46, P=0.7145); I x NPK x Org (F = 5.62, P <

0.0001).

Table 5. Effect of nano-fertilization, organic fertilizer, irrigation system, and their interactions on phosphorus concentration in

potato leaves (%)

Organic Fertilizer

Nano Fertilizer (g L)

Irrigation

Average

Irrigation Method N x L
(gha™) 0 3 6 i Organic Fertilizer Irrigation
0 0.621 0.70 b-d 0.76 a 0.71 be 0.70 a
Drip irrigation 12 0.65gh 0.67 e-g 0.69 b-e 0.70 b-d 0.68 b 0.69 a
24 0.72b 0.78 a 0.65gh 0.67 d-g 0.70 a
Irrigation
x Drip irrigation 0.66 ¢ 0.71 a 0.71 ab 0.69 b Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 0.62¢ 0.68 bc 0.72 a 0.68 b-d 0.67 a
X 12 0.67 cd 0.66 cd 0.68 be 0.68 bc 0.67 a
Nano fertilizer 24 0.70 ab 0.71a 0.66d 0.66 cd 0.68 a
Average nano fertilizer 0.66 ¢ 0.69a 0.69 ab 0.68 b

*NPK (F = 7.77, P = 0.0003); I x NPK (F = 9.43, P < 0.0001); I x Org (F = 9.69, P = 0.0003); NPK x Org (F=2.60, P = 0.0855); I x NPK x Org (F = 16.79, P <

0.0001).
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Table 6. Effect of nano-fertilization, organic fertilizer, irrigation system, and their interactions on potassium concentration
in potato leaves (%)

Nano Fertilizer (g LY

Irrigation

Irrigation Method Organic Ffl:‘tlhzer 9 A\ferafge
(gha™) 0 3 6 i Organic Fertilizer Irrigation
0 1.11h 2.70 ab 2.83a 235e-g 225¢
Drip irrigation 12 2.33e 2.63 a-c 2.51 b-e 233 e-g 245a 2.37a
24 235e-g 245 c-f 2.38 d-g 243 c-g 2.40 ab
Irrigation
x Drip irrigation 193¢ 2.60 a 2.57 ab 2.37 cd Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 1.15e 2.52b 2.71a 2.284d 2.16 b
x 12 2.28d 2.52b 2.45bc 2.26d 238a
Nano fertilizer 24 235cd 242 b-d 2.39b-d 2.41b-d 239a
Average nano fertilizer 1.92 ¢ 2.49 a 2.52a 232D

*NPK (F =94.63, P <0.0001); I x NPK (F=2.31, P=0.0896); I x Org (F = 2.28, P = 0.1144); NPK x Org (F =27.28, P <0.0001); I x NPK x Org (F =30.36, P

<0.0001).

Table 7. Effect of nano-fertilization, organic fertilizer, irrigation system, and their interactions on nitrogen concentration in
potato tubers (%)

Nano Fertilizer (g LY

Irrigation

C . Organic Fertilizer Average
Irrigation Method _ x H
(g ha™!) 0 3 6 ? Organic Fertilizer Irrigation
0 124 ¢ 1.79 ¢ 1.63 e-g 1.69 ef 1.59b
Drip irrigation 12 1.56 e-g 1.37fg 1.69 ef 1.76 ef 1.60 b 1.63 b
24 124 ¢ 1.69 ef 1.93 de 1.89 de 1.69b
Irrigation
X Drip irrigation 1.35¢ 1.62d 1.75d 1.78 d Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 131a 1.45 ab 1.32 ab 1.43 ad 1.05a
x 12 1.53 ce 1.50 f 1.86 d-e 1.91 cd 1.53a
Nano fertilizer 24 1.25 ab 1.33 b-e 1.79 ¢ 1.54 ac l.11a
Average Nano fertilizer 1.74 ¢ 1.24 b 1.44 a 1.74 b

*NPK (F=23.91, P<0.0001); I x NPK (F =4.57, P=0.0072); I x Org (F = 0.52, P = 0.5964); NPK x Org (F =1.84, P=0.1130); I x NPK x Org (F=3.15,P =

0.0026).

Table 8. Effect of nano-fertilization, organic fertilizer, irrigation system, and their interactions on phosphorus concentration in
potato tubers (%)

Nano Fertilizer (g LY

Irrigation

Irrigation Method Organic F(_zlrtlllzer % AYerage
(g ha™) 0 3 6 9 Organic Fertilizer Irrigation
0 0.59h 0.66 a-e 0.68 a 0.68 ab 0.65 ab
Drip irrigation 12 0.64 c-f 0.65 a-e 0.65 a-f 0.66 a-d 0.65a 0.65 a
24 0.63 e-g 0.67 a-c 0.62 f-h 0.66 a-¢ 0.64 ab
Irrigation
x Drip irrigation 0.62d 0.66 ab 0.65 a-c 0.66 a Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 0.60 d 0.66 ab 0.66 a 0.65 ab 0.64 a
X 12 0.65 a-c 0.66 ab 0.65 ab 0.65 a-c 0.65a
Nano fertilizer 24 0.64 be 0.67 a 0.63 ¢ 0.65 ab 0.65a
Average Nano fertilizer 0.63 ¢ 0.66 a 0.65b 0.65b

*NPK (F = 12.89, P <0.0001); I x NPK (F = 5.79, P = 0.0020); I x Org (F=2.32, P =

0.0005).

3.1.2 Tubers nutrient content (NPK)

Statistical results in Tables 7, 8, and 9 indicated a
significantly superior effect of nano-fertilizer on increasing
nutrient concentrations in tubers (P < 0.0001). The 0 and 9 g
L' level achieved the highest averages of Nitrogen (1.74%),
at the 3 g L™ level phosphorus (0.66%), and potassium the 6
g L7 level (2.04%). This superiority is attributed to the
efficiency of nanotechnology in enhancing physiological
activity and photosynthesis, which accelerated the
translocation of metabolites from the leaves (Source) to the
tubers (Sink), thereby increasing dry matter accumulation
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0.1105); NPK x Org (F = 1.45, P=0.2110); I x NPK x Org (F = 3.88, P =

and crop quality. This value reflects the exceptional response
of potato plants to potassium as a primary quality element.
nano-particles doubled their cellular permeability and the
speed of their accumulation in storage tissues compared to
conventional fertilizers, creating a sharp statistical contrast
between treatments [28].

3.1.3 Soil nutrient content (NPK)

The results presented in Tables 10, 11, and 12
demonstrated a fundamental role of nano-fertilizer (P <
0.0001) in enhancing the soil nutrient reservoir after harvest.



The 6 g L' concentration achieved the maximum nutrient
accumulation, recording Nitrogen (32.74 mg kg"),
phosphorus (8.77 mg kg™!), and potassium (273 mg kg™).
These findings prove the efficiency of nanotechnology in
reducing nutrient waste through leaching or chemical
fixation. Nano-particles act as smart reservoirs that release
nutrients gradually (Slow-release), ensuring the maintenance
of soil fertility and providing sustainable nutrient availability
in the rhizosphere that surpasses the capacity of conventional
fertilizers [29]. nano-fertilizer treatments (6 g L)

significantly increased NPK concentrations (Tables 4-12)
following a dose-response curve that peaked at this
concentration. This improvement is attributed to the high
penetration efficiency through stomata and cellular channels,
facilitated by the large specific surface area of the
nanoparticles. The stabilization or decline in response at 9 g
L™ is explained by physical aggregation of the particles,
which increases their size beyond the diameters of cellular
pores, thereby hindering their permeability into plant tissues
[30].

Table 9. Effect of nano-fertilization, organic fertilizer, irrigation system, and their interactions on potassium concentration in
potato tubers (%)

Organic Nano Fertilizer (g L) Irrigation Average
Irrigation Method Fertilizer 0 3 6 9 x Irrica tigo n
(gha'h Organic Fertilizer g
0 l.14g 1.90 b-e 2.09 a 1.84 d-f 1.75d
Drip irrigation 12 1.70 f 1.92 a-e 1.92 a-e 1.86 c-f 1.85 be 1.84 a
24 1.83 d-f 1.95 a-d 2.04 a-c 1.84 d-f 1.92 ab
Irrigation
X Drip irrigation 1.56 ¢ 1.92b 2.02a 1.85Db Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 121g 1.90 c-e 2.09a 1.87 de 1.77 ¢
x 12 1.73 f 1.91 c-e 2.00 a-c 1.85 de 1.87b
Nano fertilizer 24 1.79 ef 1.96 b-d 2.04 ab 1.92 cd 193 a
Average Nano fertilizer 1.57 ¢ 1.92b 2.04a 1.88b

* NPK (F =81.54, P <0.0001); I x NPK (F =0.37, P =0.7739); I x Org (F = 0.11, P = 0.8938); NPK x Org (F =27.28, P <0.0001); I x NPK x Org (F = 30.36, P

<0.0001).

Table 10. Residual soil available nitrogen (mg kg™!) as influenced by study treatments

Nano Fertilizer (g L)

Irrigation

N Organic Fertilizer Average
Irrigation Method _ x Uh
(g ha™) 0 3 6 i Organic Fertilizer Irrigation
0 20.51 f 21.16 f 31.36 a-c 27.44 cd 25.12 ¢
Drip irrigation 12 22.08 f 23.08 ef 3397a 28.74 b-d 26.97 ab 26.58 a
24 2149 f 23.14 ef 3397a 32.01 ab 27.65 a
Irrigation
x Drip irrigation 21.36d 22.46d 33.10 a 294b Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 20.35 ¢ 21.62¢ 31.36 ab 26.88 d 25.05b
X 12 21.59¢ 22.55¢ 3348 a 2822 cd 26.46 a
Nano fertilizer 24 21.65¢ 2293 e 3338a 29.82 be 26.94 a
Average Nano fertilizer 2120 ¢ 22.37¢c 32.74 a 28.31b

*NPK (F =114.24, P <0.0001); I x NPK (F = 0.82, P = 0.4905); I x Org (F = 0.57, P =0.5713); NPK x Org (F = 1.04, P = 0.3845); I x NPK x Org (F=0.36,P =

0.9695).

Table 11. Residual soil available phosphorus (mg kg™') as influenced by study treatments

Nano Fertilizer (g L)

Irrigation

Irrigation Method Organic F(_zlrtlllzer 9 AYerage
(g ha”) 0 3 6 9 Organic Fertilizer Irrigation
0 328 m 6.53j 8.09 fg 7.38 hi 6.32d
Drip irrigation 12 551k 8.91 be 8.80 cd 8.18 e-g 7.85b 7.09b
24 4.67L 7.76 gh 8.65 c-¢ 7.30 hi 7.09 ¢
Irrigation
x Drip irrigation 449 f 7.73 d 8.51¢ 7.62d Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 331f 743 ¢ 8220 8.08 b 6.76 ¢
x 12 6.46d 8.87a 9.05a 8.42b 820 a
Nano fertilizer 24 591e 8.25b 9.04 a 8.19b 7.85b
Average Nano fertilizer 523 ¢ 8.18b 8.77a 8.23b

*NPK (F = 616.21, P <0.0001); I x NPK (F = 10.76, P<.0001); I x Org (F = 14.05, P < 0.0001); NPK x Org (F = 1.12, P = 0.3204); I x NPK x Org
(F=25.57, P <0.0001).
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Table 12. Residual soil available potassium (mg kg™!) as influenced by study treatments

Nano Fertilizer (g L)

Irrigation

Irrigation Method Organic Firtilizer 9 A\'Ierafge
(gha™) 0 3 6 i Organic Fertilizer Irrigation
0 105¢ 223 ¢ 274 ab 232 bc 208 b
Drip irrigation 12 156 d 240 a-c 286 a 253 a-c 234 a 225a
24 164 d 257 a-c 270 a-c 244 a-c 234 a
Irrigation
X Drip irrigation 142 ¢ 240 b 277 a 243 b Average organic fertilizer
Nano-fertilizer
Organic fertilizer 0 101 ¢ 234b 270 a 242 ab 212b
X 12 156 ¢ 248 ab 276 a 251 ab 233 a
Nano fertilizer 24 160 ¢ 255 ab 274 a 236 b 231a
Average Nano fertilizer 139¢ 246 b 273 a 243 b

*NPK (F =96.76, P <0.0001); I x NPK (F =0.48, P =0.6987); I x Org (F = 0.33, P = 0.7196); NPK x Org (F =0.98, P =0.4210); I x NPK x Org (F=1.35,P =

3.2 Effects of organic fertilization

The addition of organic fertilizer led to a significant
improvement in the availability of macronutrients for both
the plant and the soil (Tables 4, 10). The level of 24 t ha™
recorded the maximum nutrient concentrations compared to
the lowest values in the control treatment (0 t ha™'). This is
attributed to the ability of organic matter to enhance the
physicochemical properties of the soil by increasing the
Cation Exchange Capacity (CEC) and forming chelated
complexes that prevent phosphorus fixation and protect
potassium from leaching. For the plant, it contributes to the
secretion of organic acids and growth hormones that
stimulate the root system, thereby increasing uptake
efficiency. Furthermore, its role in interactions stands out as
a natural dispersing agent that improves the stability of
nanoparticles and prevents their aggregation, ensuring a
continuous flow of nutrients throughout the growing season
[31].

3.3 Effects of drip irrigation

The drip irrigation system significantly improved nutrient
uptake and accumulation in the tubers (Tables 7, 8, 9). The
importance of this system is particularly evident in the study's
soil, which has a loamy sand texture. Drip irrigation
addresses the low water-holding capacity of such soils by
providing continuous and regulated moisture in the
rhizosphere, thereby limiting nutrient loss through deep
leaching—a common characteristic of coarse-textured soils.
This mechanism creates an ideal hydraulic environment that
ensures nutrients remain in a soluble state, facilitating their
movement via "mass flow" toward the roots and maximizing
the utilization of applied fertilizers under the soil's permeable
conditions [32].

3.4 Two-way interactions

The two-way interactions between (drip irrigation X nano)
and (nano x organic) exhibited a highly significant
synergistic effect (P < 0.0001) on enhancing nutrient content
(Tables 5, 8, 11) with the combination of (6 g L™ nano x 24
t ha™ organic) achieving the highest values. This
effectiveness is explained by the ability of organic matter to
function as a "stabilizing agent" that protects nanoparticles
from precipitation or side reactions within the soil,
maintaining them in a technically active state. In turn, these
particles act as biocatalysts that stimulate the microbial

0.2248).
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communities responsible for organic matter mineralization,
thereby accelerating the release of nutrients within the
rhizosphere. This integration, supported by the uniform
moisture distribution of drip irrigation, ensures a balanced
nutrient supply that bridges nutritional gaps during critical
growth stages [33].

3.5 Three-way interactions

The three-way combination (drip irrigation + 6 g L™ nano
+ 24 t ha™! organic) achieved the highest recorded nutrient
concentrations across all plant parts and the soil (Tables 6, 9,
12). The success of this interaction is attributed to the
creation of an integrated ecosystem that enhances Fertilizer
Use Efficiency (FUE). The biological synchronization
between stable moisture levels and organic matter works to
reduce sorption forces within the soil, allowing nanoparticles
to move more freely toward the root absorption zone. This
harmony minimizes the chemical and physical loss of
nutrients and ensures a continuous stream of available
elements that aligns with the plant's increasing demands
during the tuber formation stage, making it the most efficient
system for nutrient management under field conditions [34].

3.6 Potato yield and components

The increase in crop productivity was closely linked to the
improved nutritional and water status of the plant, where the
synergy between drip irrigation nano-fertilizers and organic
fertilizers maximized yield characteristics (Table 13). This
integration contributed to reaching a tuber weight of 128.7 g
tuber! achieved with the combined treatment of drip
irrigation + 6 g L' nano + 24 t ha™' organic, and a marketable
yield peak of 64.93 t ha™! of drip irrigation + 9 g L™! nano +
24 t ha' This superiority is attributed to the role of drip
irrigation in creating a hydraulic balance that reduced water
stress, allowing the plant to efficiently direct photosynthesis
products (Assimilates) toward the tubers. Furthermore, the
sustained supply of elements from nano and organic
fertilization enhanced dry matter accumulation, confirming
that reaching maximum crop productive capacity depends on
the integrated management of water and fertilizer resources
[35].

3.7 Soil Nutrient Index

According to the SNI results calculated after harvest
(Table 14), the soil exhibited a significant improvement in



overall fertility status. Phosphorus and potassium levels rose
to the (medium-high) fertility category with a value of (SNI
= 2.33) while nitrogen recorded a (medium) fertility level
with a value of (SNI = 2.17). The superiority of phosphorus
and potassium values is attributed to the effectiveness of
integrated fertilization and the soil's capacity to retain them.
Conversely, nitrogen remained relatively lower due to the
loamy sand texture, which increases the loss of mobile

nutrients through leaching. It is worth noting that the initial
soil properties recorded before planting (Table 1), such as the
ideal pH (7.4) and low salinity (0.7 dS m™), established a
chemical environment that enhanced nutrient availability and
uptake efficiency. This reflects the positive impact of water
and fertilizer management practices in improving the soil's
nutrient reservoir by the end of the season [36, 37].

Table 13. Effect of nano-NPK and organic fertilization on tuber weight and marketable yield under drip irrigation

oye -1
Parameter Organic (t ha™) 0 Nan(; Fertilizer (6g L) 9 Mean Organic

0 1193 c-e 1183c-e 1357ab 112.7e-g 121.5a
Tuber Weight (g tuber™) 12 106.7 fg  113.3d-f 116.7c-f 123.7b-d 115.1 ab
24 1157 c-f 109.7f-g 128.7a-c 120.0c-e 118.1 ab

Mean (Nano) Weight 1139bc  113.8bc 127.0 a 118.8b  Drip irrigation 118.4
40.51 e-g 46.85c-f 54.44ad 5135a-¢ 45570
Marketable Yield (t ha') 12 4455d-g 4828b-f 5543 a-c 53.47a-d 50.10 ab
24 52.86a-d 53.51a-d 5582ac 6493a 56.12 a

Mean (Nano) Yield 4597b 49.55b 5523 a 56.58 a  Drip irrigation 51.84

*Tuber Weight: NPK: F = 38.15, P < 0.0001; Organic: F = 12.44, P =0.0015; NPK x Organic: F = 9.28, P = 0.0008, Marketable Yield: NPK: F =42.67, P <
0.0001; Organic: F =25.31, P <0.0001; NPK x Organic: F =11.54, P <0.0001.

Table 14. Soil Nutrient Index (SNI)

No. of No. of No. of -
Nutrient Low Medium High Index  Fertility
Value Level
Samples Samples Samples
N 1 8 3 2.17  Medium
P 1 6 5 2.33  M-High
K 1 6 5 2.33  M-High

*Status of Nutrient, as per the calculation by the author.

4. CONCLUSIONS

From the above results, it can be concluded: 1) Soil
application of nano-NPK at a concentration of 6 g L™! which
is confirmed to be more effective and balanced in providing
plant nutrients than other concentrations; 2) The combination
of the two is most effective with the optimal combination
being (24 t ha™* of organic fertilizer in soil + 6 g L™ in soil
nano-application), showing the highest synergistic effect on
nutrient translocation to tubers; 3) Nano and organic fertilizers
mainly work by improving soil fertility (SNI), although
enhanced nitrogen management is still required in light-
textured (loamy sand) soils to reduce leaching losses; 4) This
integrated program achieved the highest marketable yield
(64.93 t ha'!), representing a (60.28%) increase over the
control; therefore, we recommend its adoption for sustainable
production and high resource-use efficiency.
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