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ABSTRACT 
The study aimed to evaluate the impact of organic, mineral, and nano-enabled fertilizers on soil sustainability and 

the growth and yield of cabbage (Brassica oleracea). A field experiment was conducted during the autumn season of 2024 
in District 41, Babil Governorate, Iraq, using 16 treatments arranged in a randomized complete block design (RCBD). 
Treatments included EM Bokashi bio-organic fertilizer, balanced NPK mineral fertilizer, and foliar sprays of silicon and 
selenium nanoparticles, applied individually or in combinations. The integrated treatment of EM Bokashi + NPK + SiNPs 
+ SeNPs significantly improved soil fertility indicators (N, P, K, organic matter, and cation exchange capacity), enhanced 
microbial populations, and produced the highest plant growth and yield attributes, including a marketable yield of 100.42 
Mg ha⁻¹. These findings highlight the potential of combining organic, mineral, and nano-fertilizers as a sustainable 
strategy to improve soil health, crop productivity, and future agricultural profitability. 
Keywords: EM Bokashi bio-organic fertilizer; balanced NPK mineral fertilizer; silicon nanoparticles; selenium 
nanoparticles; cabbage 

1. Introduction 
Soil fertility and sustainability are fundamental factors 

determining crop productivity and agricultural profitability, especially 
in regions with fragile soils [1]. In Iraq, and particularly in calcareous 
soils, the agricultural sector faces persistent challenges due to the 
limited availability of essential nutrients, low microbial activity, and 
gradual degradation of soil structure [2]. Excessive reliance on chemical 
fertilizers has further aggravated these problems, resulting in reduced 
nutrient use efficiency and declining soil health [3]. Therefore, 
sustainable strategies that combine productivity with long-term soil 
improvement are urgently required. 

Organic fertilizers have been widely recognized as a sustainable 
input that can improve the physical, chemical, and biological properties 
of soil [4]. Among them, Effective Microorganisms (EM) Bokashi has 
attracted considerable attention. This bio-organic amendment contains 
a consortium of beneficial microorganisms that accelerate organic 
matter decomposition, enhance nutrient release, and stimulate soil 
microbial populations, ultimately contributing to better plant growth 
and resilience [5,6]. Balanced mineral fertilizers such as NPK, on the 
other hand, provide readily available macronutrients essential for crop 
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development, ensuring rapid vegetative growth and yield formation when applied appropriately [7]. However, 
their exclusive use, without organic amendments, is insufficient to maintain soil fertility in the long term [8]. 

In recent years, nanotechnology has emerged as a promising tool in sustainable agriculture. Nano-enabled 
fertilizers, including silicon nanoparticles (SiNPs) and selenium nanoparticles (SeNPs), offer unique 
physicochemical properties that can increase nutrient uptake efficiency, regulate physiological processes, and 
improve plant tolerance to both biotic and abiotic stresses [9]. Silicon is well documented for its role in 
strengthening plant cell walls and enhancing photosynthetic efficiency [10], while selenium has been associated 
with antioxidative defense and improved metabolic activity [11]. Foliar application of these nanoparticles in 
small, precise concentrations has shown considerable potential to boost productivity without contributing to 
environmental pollution [12]. 

Although numerous studies have investigated the effects of organic, mineral, or nano-fertilizers 
individually, research exploring the integrated application of these inputs remains limited [13]. In particular, 
little is known about how combining EM Bokashi, balanced NPK fertilizer, and foliar sprays of SiNPs and 
SeNPs can jointly influence soil fertility parameters, microbial populations, and agronomic performance of 
high-value crops such as cabbage (Brassica oleracea var. capitata). Cabbage is not only a nutritionally 
important vegetable crop but also highly responsive to fertilization strategies, making it a suitable model for 
evaluating the benefits of integrated nutrient management [14,15]. 

 Research Gap and Objectives: Despite the growing interest in sustainable nutrient management, there is 
still insufficient evidence on the synergistic effects of combining organic, mineral, and nano-fertilizers under 
calcareous soil conditions. Previous studies have largely examined these inputs in isolation, leaving a 
knowledge gap regarding their interactive influence on soil fertility, microbial activity, and crop productivity. 
To address this gap, the present study was designed to evaluate the combined effects of EM Bokashi bio-
organic fertilizer, balanced NPK mineral fertilizer, and foliar applications of SiNPs and SeNPs on soil health, 
plant growth, and yield performance of cabbage. The outcomes are expected to provide new insights into 
integrated fertilization strategies that support sustainable agriculture and long-term soil productivity. 

A field experiment was conducted in District 41 of the Babil Governorate in Iraq, which is part of the Al-
Husseiniya – Al-Tali’a Subdistrict. Perpendicular plowing was used to carefully prepare the trial area, which 
was then smoothed and laser leveled. To precisely describe the field soil, which is categorized as alluvial with 
a silty clay loam texture and characteristics listed in Table 1, a soil sample was taken at five carefully selected 
representative locations (the field's center and the four corners) at a depth of 30 cm. 

Table 1. Physical, chemical, and biological properties of the field soil before cultivation 

 Value Unit 

Soil reaction (pH) 7.71 .............. 

(EC) 2.65 dS m⁻¹ 

(CEC) 27.80 cmol(+) kg⁻¹ 

OM 0.97 g kg⁻¹ 

Carbonate minerals 217 g kg⁻¹ 

Bulk density 1.38 Mg m⁻³ 

Available nitrogen 18.26 mg kg⁻¹ 

Available phosphorus 10.30 Mg kg⁻¹ 

Available potassium 257.39 mg kg⁻¹ 
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 Value Unit 

Soil separates   

- Sand 134 g kg⁻¹ 

- Silt 560 g kg⁻¹ 

- Clay 306 g kg⁻¹ 

Soil texture Silty Clay Loam  

Table 1. (Continued) 

 Using a Randomized Complete Block Design (RCBD) with three repetitions, the experimental treatments 
were assigned to the experimental units at random in a straightforward one-way experiment. 16 treatments 
were dispersed at random throughout the blocks in each replication. The soil fertilizers that were applied were 
balanced NPK mineral fertilizer (20:20:20) at a rate of 300 kg ha⁻¹ and EM Bokashi organic biofertilizer at a 
rate of 5000 kg ha⁻¹. In addition to a control treatment, foliar sprays of silicon nanoparticles (SiNPs) and 
selenium nanoparticles (SeNPs) at concentrations of 15 mg L⁻¹ were administered. 48 experimental units were 
produced as a result, as shown in Table (2). 

Table 2. Fertilization treatments applied in the experiment, including the amount of added fertilizers (kg ha⁻¹), concentrations of sprayed 
nanomaterials (mg L⁻¹), and the number of foliar spray applications. 

No. Fertilizer Treatment 
Description Treatment Code Added Fertilizer Amounts 

(kg ha⁻¹) 

Nanomaterial Spray Concentration 
(mg L⁻¹) 

Spray 1 Spray 2 Spray 3 Spray 4  

1 Control (water spray only) C.O. 0 — — — —  

2 Soil application of EM 
Bokashi EM B. 5000 0 0 0 0  

3 Soil application of balanced 
NPK NPK 300 0 0 0 0  

4 Foliar application of Si-NPs SiNPs 0.024 15 15 15 15  

5 Foliar application of Se-NPs SeNPs 0.024 15 15 15 15  

6 Foliar application of Si-NPs + 
Se-NPs SiNPs + SeNPs 0.024 + 0.024 15 + 15 15 + 15 15 + 15 15 + 15  

7 NPK + foliar spray of Si-NPs NPK + SiNPs 300 + 0.024 15 15 15 15  

8 NPK + foliar spray of Se-NPs NPK + SeNPs 300 + 0.024 15 15 15 15  

9 NPK + foliar spray of Si-NPs 
+ Se-NPs NPK + SiNPs + SeNPs 300 + 0.024 + 0.024 15 + 15 15 + 15 15 + 15 15 + 15  

10 EM B. + foliar spray of Si-NPs EM B. + SiNPs 5000 + 0.024 15 15 15 15  

11 EM B. + foliar spray of Se-
NPs EM B. + SeNPs 5000 + 0.024 15 15 15 15  

12 EM B. + foliar spray of Si-NPs 
+ Se-NPs EM B. + SiNPs + SeNPs 5000 + 0.024 + 0.024 15 + 15 15 + 15 15 + 15 15 + 15  

13 EM B. + balanced NPK 
fertilizer EM B. + NPK 5000 + 300 0 0 0 0  

14 EM B. + NPK + foliar Si-NPs EM B. + NPK + SiNPs 5000 + 300 + 0.024 15 15 15 15  

15 EM B. + NPK + foliar Se-NPs EM B. + NPK + SeNPs 5000 + 300 + 0.024 15 15 15 15  

16 EM B. + NPK + foliar Si-NPs 
+ Se-NPs 

EM B. + NPK + SiNPs + 
SeNPs 5000 + 300 + 0.024 + 0.024 15 + 15 15 + 15 15 + 15 15 + 15  
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The cumulative area designated for the research encompassed 8642 m², apportioned into three equivalent 
replicates, with each replicate comprising 16 experimental units. Each individual unit exhibited dimensions of 
3 m × 4 m, yielding an area of 12 m², accompanied by a separation of 1 m between replicates and 0.5 m 
between treatments. The planting was done on ridges spaced 0.75 m apart, with 0.5 m between plants. Irrigation 
furrows were established and simple drainage ditches were opened for excess water removal. Seedlings of 
hybrid cabbage cultivar Cabbage Top White F1 were sourced from a local nursery and transplanted directly 
into the prepared soil on 15/09/2024, at a planting density of 13,364 plants ha⁻¹. All standard agricultural 
practices were applied uniformly across all experimental units during transplanting and plant growth. and a 
replanting (gap filling) operation was carried out on 22/09/2024 to replace dead seedlings using ones of the 
same age as originally used. Irrigation was conducted based on plant requirements. 

3. Soil application of EM bokashi organic biofertilizer and NPK mineral 
fertilizer 

15 days after planting, a furrow was dug 5 cm deep and 5 cm away from the planting line to apply a single 
dose of EM Bokashi Organic Biofertilizer at a rate of 5 Mg ha⁻¹. The experimental unit area was used to 
calculate the amount. Using the same technique, four doses of the balanced NPK mineral fertilizer were applied 
at a rate of 300 kg ha⁻¹. Beginning one month after transplanting, foliar spraying of SeNPs at 15 mg L⁻¹ (Figure 
1) and SiNPs at 15 mg L⁻¹ (Figure 2) was carried out four times at seven-day intervals. As indicated in Table 
3, the plant canopy was sprayed in the late evening at a rate of 400 L ha⁻¹ in accordance with the manufacturer's 
instructions. 

Table 3. The components of the experiment's fertilizers and nanomaterials 

Fertilizer 
Name Fertilizer Type Composition / Purity Description 

EM Bokashi Organic 
biofertilizer 

Nocardia (45.45%), Streptomyces (36.36%), Terrabacter (9.1%), Micromonospora (4.54%), 
Mycobacterium (4.54%), Aspergillus sp., Phcomycetes spp., Dactylium sp., Moisture (7.74%), EC 

(7.30 dS m⁻¹), (1.45 × 10⁶ CFU) 

NPK Chelated mineral 
fertilizer NPK 20:20:20 + other chelated micronutrients 

SiNPs Dry nanomaterial 99.9% Silicon 

SeNPs Dry nanomaterial 99.9% Selenium 

 

Figure 1. Scanning Electron Microscope (FE-SEM) image of 
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Figure 2. Scanning Electron Microscope (FE-SEM) image of the nano-silicon particles used in the experiment 

First: Determination of Soil Content of Macronutrients (N, P, K), Organic Matter, Cation Exchange 
Capacity (CEC), and Total Counts of Soil Bacteria and Fungi 

1. Available Nitrogen Estimation: 
The available nitrogen content was estimated using the Micro-Kjeldahl method. It was extracted 
using 2N KCl solution, according to the procedure described by [16]. 

2. Available Phosphorus Estimation: 
The available phosphorus concentration in the representative soil sample was measured using 0.5 M 
sodium bicarbonate (NaHCO₃) solution. The characteristic blue color was developed using 
ammonium molybdate and ascorbic. The phosphorus concentration was determined using a 
spectrophotometer at a wavelength of 882 nm, based on the method outlined by [17] 

3. Available Potassium Estimation: 
The available potassium was extracted using 1 M ammonium acetate (NH₄OAc) solution. The 
potassium concentration was then measured using a Flame Photometer, following the method of 
[18]. 

4. Cation Exchange Capacity (CEC): 
CEC was determined using ammonium acetate and sodium acetate solutions, following the procedure 
described by [19]. 

5. Organic Matter: 
Organic matter in the soil was estimated using the Wet Digestion Method, following the 
methodology presented by [20]. 

6. Total Count of Bacteria and Fungi in Dry Soil (CFU g⁻¹ × 10⁶): 
The total number of bacterial and fungal cells was estimated using the Serial Dilutions Method and 
Plate Count Technique. Nutrient Agar was used for bacterial growth, and Potato Dextrose Agar for 
fungal growth. All equipment was sterilized using alcohol and an open flame. A 10 g sample of the 
representative soil was added to 90 mL of sterilized distilled water to obtain a 1×10⁸ dilution. After 
vigorous shaking, 1 mL of this solution was transferred into a test tube containing 9 mL of sterile 
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water to obtain a 2×10⁸ dilution. This process was continued. One milliliter from each dilution was 
plated on the respective culture media using the pour plate technique, and incubated at 30°C for 5 
days (fungi) and 3 days (bacteria). Colony numbers were calculated according to the following 
equation: 
Number of colonies = Average colony count per plate × dilution factor, as described by [19]. 

Second: Measurement of Growth Parameters (Plant Height, Chlorophyll Index, Stem Diameter, 
Head Radius, Marketable Head Yield, Biological Yield, and Harvest Index) 

1. Plant Height (cm): 
physiological maturity (100%), The height of the plant was measured from the soil surface to the top 
of the plant using a measuring tape of 10 randomly selected plants according to the experimental unit. 
The average height was calculated by dividing the total height with the number of measured plants. 

2. Leaf Chlorophyll Index (SPAD): 
Chlorophyll content was evaluated before plant maturation using a portable chlorophyll meter 
(Model Spad-502) to achieve a quick and accurate reading. Chlorophyll reading was taken from 10 
randomly selected plants according to the experimental unit, and the average price was calculated by 
dividing the total chlorophyll reading with the number of sample leaves [21]. 

3. Stem Diameter (cm): 
Stem diameter was measured using a Vernier caliper on five plants per experimental unit. The 
average value was calculated using the same method described above. 

4. Head Radius (cm): 
Head radius was determined by first measuring the circumference of the head using a measuring tape. 
The radius was then calculated using the formula: 
Radius = Circumference ÷ (2 × 3.14). 
Five heads were measured from each experimental unit, and the mean radius was obtained. 

5. Marketable Head Yield (Mg ha⁻¹): 
Marketable yield was calculated after removing non-marketable outer leaves. Five heads from each 
experimental unit were weighed, and the average was calculated to represent the marketable yield. 

6. Biological Yield (Mg ha⁻¹): 
Biological yield was defined as the total fresh weight of the above-ground parts of the plant. Five 
plants were weighed per experimental unit, and values were converted to Mg ha⁻¹ to obtain the 
biological yield for each treatment. 

7. Harvest Index (%): 
The harvest index of cabbage was estimated using the following equation: 
Harvest Index (%) = (Marketable Head Yield / Biological Yield) × 100 
Both yields were calculated in Mg ha⁻¹, according to the methodology described by [22]. 

Third: Statistical Analysis 

The data obtained from the experiment were statistically analyzed using the Randomized Complete 
Block Design (RCBD) to evaluate the effects of the studied treatments on various traits. Significant differences 
among means were tested using Duncan’s Multiple Range Test (Duncan) at a P ≤ 0.05 significance level. 
Statistical analysis was performed using GenStat V12.1, based on the following statistical model: 

Yᵢⱼ = µ + Tᵢ + Pⱼ + eᵢⱼ 

Where: 

 Yᵢⱼ = observed value, 
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 µ = general mean, 

 Tᵢ = effect of treatment, 

 Pⱼ = effect of block, 

 eᵢⱼ = experimental error. 

4. Results 
First: Effect of EM Bokashi, balanced NPK fertilizer, and foliar application of silicon nanoparticles 

(SiNPs) and selenium nanoparticles (SeNPs) on soil macronutrient content (NPK), cation exchange 
capacity (CEC), soil organic matter (SOM), and total bacterial and fungal counts in the soil. 

4.1. Available Nitrogen Content in Soil after Harvest (mg N kg⁻¹ soil) 
As shown in Table (4), the combined treatment (EMB + NPK + SiNPs + SeNPs) recorded the highest 

value of available nitrogen in the soil (49.77 mg N kg⁻¹), It was followed by the triple combination (EMB + 
NPK + SeNPs), with values of 47.53 and 46.87 mg N kg⁻¹ soil, respectively. except for the individual and dual 
nano-fertilizer treatments, which were statistically similar to the control (23.43 mg N kg⁻¹ soil). 

4.2. Available Phosphorus Content in Soil after Harvest (mg P kg⁻¹ soil) 
the highest soil phosphorus content (27.80 mg P kg⁻¹ soil), significantly surpassing all other treatments. 

The (EMB + NPK + SeNPs) and (EMB + NPK + SiNPs) treatments also recorded elevated values (26.70 and 
25.60 mg P kg⁻¹ soil, respectively), significantly outperforming most other treatments. Treatments such as 
(EMB + NPK), (EMB + SiNPs), and (NPK + SiNPs + SeNPs) with values of 23.53, 23.33, and 23.30 mg P 
kg⁻¹ soil. 

4.3. Available Potassium Content in Soil after Harvest (mg K kg⁻¹ soil) 
As presented in Table (4), the quadruple treatment (EMB + NPK + SiNPs + SeNPs) also recorded the 

highest potassium content in soil (283.3 mg K kg⁻¹ soil), which was significantly greater than all other 
treatments. High potassium levels were also observed in the triple treatments (EMB + NPK + SeNPs) and 
(EMB + NPK + SiNPs), with values of 279.7 and 280.6 mg K kg⁻¹ soil, respectively. Other treatments such as 
(EMB + NPK), (EMB + SiNPs + SeNPs), and (NPK + SiNPs + SeNPs) also showed elevated potassium levels 
(279.1, 278.7, and 279.0 mg K kg⁻¹ soil, respectively), The control recorded the lowest potassium content 
(261.4 mg K kg⁻¹ soil). 

4.4. Cation Exchange Capacity (CEC, cmol(+) kg⁻¹ soil) 
Statistical analysis results in Table (4) show a clear significant improvement in CEC for the treatment 

(EMB + NPK + SiNPs + SeNPs), which recorded a value of 38.53 cmol(+) kg⁻¹ soil. Other treatments such as 
(EMB + NPK + SiNPs), (EMB + NPK + SeNPs), and (EMB + NPK) also recorded high values (36.40, 36.90, 
and 35.77 cmol(+) kg⁻¹ soil, respectively), and all were significantly superior to the control (26.50 cmol(+) 
kg⁻¹ soil).  

4.5. Soil Organic Matter Percentage (SOM, %) 
As indicated in Table (4), the treatment (EMB + NPK + SiNPs + SeNPs) achieved the highest SOM 

percentage (1.913%), significantly surpassing all other treatments except (EMB + NPK + SeNPs), (EMB + 
NPK + SiNPs), and (EMB + SiNPs + SeNPs), which had values of 1.833%, 1.870%, and 1.853%, respectively, 
and were not significantly different from the quadruple treatment.  
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4.6. Soil Bacterial Counts after Harvest (CFU × 10⁶ g⁻¹ soil) 
Table (4) also shows a significant increase (P ≤ 0.05) in soil bacterial counts for the quadruple treatment 

(EMB + NPK + SiNPs + SeNPs), which recorded 90.80 × 10⁶ CFU g⁻¹ soil. This was followed by the triple 
treatments containing EM Bokashi: (EMB + NPK + SeNPs) and (EMB + NPK + SiNPs), with values of 80.73 
and 77.97 × 10⁶ CFU g⁻¹ soil, respectively. The (EMB + NPK) treatment also recorded a high value (74.03 × 
10⁶ CFU g⁻¹ soil). 

4.7. Soil Fungal Counts after Harvest (CFU × 10⁴ g⁻¹ soil) 
The highest fungal count was also observed in the quadruple treatment (EMB + NPK + SiNPs + SeNPs), 

which reached 74.43 × 10⁴ CFU g⁻¹ soil and was significantly superior to all other treatments. The triple 
treatments containing EM Bokashi (EMB + NPK + SeNPs and EMB + NPK + SiNPs) also showed high fungal 
counts (69.50 and 67.43 × 10⁴ CFU g⁻¹ soil, respectively), with no significant difference between them. The 
dual and individual treatments also significantly outperformed the control (22.90 × 10⁴ CFU g⁻¹ soil). 

Table 4. Effect of the application of organic bio-fertilizer (EM Bokashi), balanced mineral fertilizer (NPK), and foliar spraying with 
silicon and selenium nanoparticles on soil content of nitrogen (N), phosphorus (P), potassium (K) (mg kg⁻¹), cation exchange capacity 
(CEC) (cmolc kg⁻¹), soil organic matter (SOM, %), and total bacterial and fungal counts (CFU g⁻¹ soil) 

No. Treatment N (mg 
kg⁻¹) 

P (mg 
kg⁻¹) 

K (mg 
kg⁻¹) 

CEC (cmolc 
kg⁻¹) 

SOM 
(%) 

Bacteria (×10⁶ 
CFU g⁻¹) 

Fungi (×10⁴ 
CFU g⁻¹) 

1 Control (C.O.) 23.43 g 13.43 h 261.4 G 0.907 H 26.50 ef 35.70 L 22.90 n 

2 EM Bokashi (EM B.) 40.47 ef 22.60 cde 275.1 E 1.567 Cd 31.47 
abcde 50.47 I 40.20 h 

3 NPK 40.20 ef 20.67 e 275.9 De 1.347 E 20.90 f 41.87 J 33.33 k 
4 Si-NPs 24.60 g 15.48 g 263.4 Fg 1.107 Fg 27.37 def 38.03 K 27.07 m 
5 Se-NPs 23.87 g 14.71 gh 262.2 G 1.067 G 26.93 def 38.57 K 29.80 l 
6 Si-NPs + Se-NPs 24.73 g 17.48 f 266.5 F 1.203 F 28.90 cde 39.80 K 37.07 ij 

7 NPK + Si-NPs 41.73 def 21.07 de 278.2 
bcde 1.423 E 30.83 

bcde 49.63 I 34.90 jk 

8 NPK + Se-NPs 39.97 f 22.13 cde 278.0 
bcde 1.380 E 30.10 

bcde 54.37 H 37.50 i 

9 NPK + Si-NPs + Se-NPs 42.77 d 23.30 c 279.0 bcd 1.530 D 31.67 
abcde 58.33 G 46.13 g 

10 EM B. + Si-NPs 42.93 d 23.33 c 276.2 cde 1.727 B 34.20 
abcd 56.77 G 48.47 f 

11 EM B. + Se-NPs 42.30 de 22.77 cd 276.6 cde 1.653 bc 32.53 
abcde 62.23 F 54.83 e 

12 EM B. + Si-NPs + Se-NPs 43.73 cd 25.53 b 278.7 bcd 1.853 A 34.13 
abcd 65.23 E 57.63 d 

13 EM B. + NPK 45.57 bc 23.53 c 279.1 bcd 1.717 B 35.77 abc 74.03 D 64.93 c 
14 EM B. + NPK + Si-NPs 46.87 b 25.60 b 280.6 Ab 1.870 A 36.40 ab 77.97 C 67.43 b 
15 EM B. + NPK + Se-NPs 47.53 b 26.70 ab 279.7 Bc 1.833 A 36.90 ab 80.73 B 69.50 b 

16 EM B. + NPK + Si-NPs + 
Se-NPs 49.77 a 27.80 a 283.3 A 1.913 A 38.53 a 90.80 A 74.43 a 

Significance level: * 

Different letters within the same column indicate significant differences among treatments at the 0.05 probability level (p < 0.05). 

Secondly, The effect of applying bio-organic fertilizer (EM Bokashi), balanced NPK fertilizer, and 
foliar spraying with nano-silicon (SiNPs) and nano-selenium (SeNPs) on: 

1. Plant Height (cm): Statistical analysis of the data in Table (5) revealed a significant difference in plant 
height among the studied treatments. The highest significant mean height (49.60 cm) was recorded by the 
quadruple combination (EMB + NPK + SiNPs + SeNPs), significantly surpassing the control treatment (34.93 
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cm). The triple combination (EMB + NPK + SiNPs) also achieved a significant height of 47.36 cm. Among 
the dual combinations, (EMB + NPK) reached 46.50 cm, while the individual treatments of EMB and NPK 
recorded 42.63 cm and 39.66 cm, respectively. 

2. Stem Diameter (cm): The highest stem diameter (3.667 cm) was observed in the quadruple 
combination (EMB + NPK + Si + Se), followed by the treatments (EMB + NPK + Se), (EMB + NPK + Si), 
(EMB + NPK), and (EMB + Si + Se), which recorded 3.400, 3.300, 3.167, and 3.100 cm, respectively. The 
lowest value was recorded in the control (1.137 cm), as shown in Table (5). 

3. Marketable Head Radius (cm): The quadruple treatment (EMB + NPK + Si + Se) recorded the highest 
value for head radius (10.77 cm), significantly outperforming all other treatments. The triple treatments (EMB 
+ NPK + Si) and (EMB + NPK + Se) also had high values (9.87 and 9.27 cm, respectively). Conversely, the 
control treatment recorded the smallest radius (5.10 cm). 

4. Chlorophyll Index (SPAD): Chlorophyll index results in Table (5) mirrored the trend observed in 
plant height. A significant improvement was noted with all treatments involving EM Bokashi, NPK, and foliar 
application of SiNPs and SeNPs (P≤0.05), compared to the control value of 68.3 SPAD. The highest value was 
recorded by the quadruple combination (84.3 SPAD), followed by the triple combinations (81.8 and 80.3 
SPAD for EMB + NPK + SiNPs and EMB + NPK + SeNPs, respectively). 

5. Biological Yield (Mg ha⁻¹): According to Table (5), the highest biological yield was obtained from the 
quadruple treatment (EM Bokashi + NPK + SiNPs + SeNPs), reaching 149.6 Mg ha⁻¹, which was significantly 
superior (P≤0.05) to all other treatments. It was followed by EMB + NPK + SeNPs (128.0 Mg ha⁻¹) and EMB 
+ NPK + SiNPs (137.7 Mg ha⁻¹). The lowest yield was recorded in the control (66.6 Mg ha⁻¹). 

6. Marketable Head Yield (Mg ha⁻¹): As shown in Table (5), the results of marketable head yield closely 
followed the trends of biological yield. All combinations of EM Bokashi, NPK, SiNPs, and SeNPs showed 
significant improvements (P≤0.05) over the control (33.24 Mg ha⁻¹). The highest yield was recorded in the 
quadruple treatment (100.42 Mg ha⁻¹), followed by EMB + NPK + SeNPs (89.13 Mg ha⁻¹) and EMB + NPK 
(76.87 Mg ha⁻¹). 

7. Harvest Index (%): Table (5) shows that the treatments (EMB + NPK + SiNPs + SeNPs, EMB + NPK 
+ SeNPs, EMB + NPK, and EMB + SeNPs) achieved higher harvest index values (67.75%, 69.74%, 68.75%, 
and 67.51%, respectively. 

Table 5. Effect of Organic Biofertilizer (EM Bokashi), Balanced Mineral Fertilizer (NPK), and Foliar Application of Silicon and 
Selenium Nanoparticles on Growth Indicators Plant Height cm,Stem Diameter cm, Head Radius cm, Chlorophyll Index SPAD, 
Marketable Yield Mg ha⁻¹, and Harvest Index (%) 

No. Treatments 
Plant 

Height 
(cm) 

Stem 
Diameter 

(cm) 

Head 
Radius 

(cm) 

Chlorophyll 
Index (SPAD) 

Marketable 
Yield (Mg ha⁻¹) 

Harvest 
Index (%) 

1 Control 34.93 L 1.137 I 5.10 k 68.3 H 66.6 f 50.00 C 
2 EM B. 42.63 F 2.100 G 7.40 ef 75.6 F 109.5 cd 59.47 abc 
3 NPK 39.67 I 2.200 G 7.27 fg 75.3 F 91.5 e 62.92 Ab 
4 Si-NPs 36.40 K 1.400 H 5.57 jk 70.7 G 68.3 f 59.89 abc 
5 Se-NPs 36.20 K 1.367 H 5.90 ij 70.3 G 68.8 f 61.03 abc 
6 Si-NPs + Se-NPs 38.53 J 2.233 Fg 6.33 Hi 74.7 F 89.8 e 54.49 Bc 
7 NPK + Si-NPs 41.73 G 2.467 De 6.70 Gh 75.3 F 97.8 de 61.50 Ab 
8 NPK + Se-NPs 40.50 H 2.433 Ef 6.97 Fgh 75.9 F 103.1 de 60.53 abc 
9 NPK + Si-NPs + Se-NPs 42.73 F 2.667 D 7.63 Def 78.4 De 102.2 de 63.90 Ab 

10 EM B. + Si-NPs 43.30 E 2.633 De 7.57 Def 77.6 E 111.1 cd 58.84 abc 
11 EM B. + Se-NPs 43.33 E 2.467 De 8.00 Cde 77.3 E 105.8 cde 67.51 A 
12 EM B. + Si-NPs + Se-NPs 44.57 D 3.100 C 8.23 Cd 78.9 D 120.9 bc 60.83 abc 
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No. Treatments 
Plant 

Height 
(cm) 

Stem 
Diameter 

(cm) 

Head 
Radius 

(cm) 

Chlorophyll 
Index (SPAD) 

Marketable 
Yield (Mg ha⁻¹) 

Harvest 
Index (%) 

13 EM B. + NPK 46.50 C 3.167 C 8.57 C 79.6 Cd 112.9 bcd 68.55 A 
14 EM B. + NPK + Si-NPs 47.37 B 3.300 Bc 9.27 B 81.8 B 137.7 a 59.86 abc 
15 EM B. + NPK + Se-NPs 46.43 C 3.400 B 9.87 B 80.3 C 128.0 ab 69.74 A 
16 EM B. + NPK + Si-NPs + Se-NPs 49.60 A 3.667 A 10.77 A 84.3 A 149.6 a 67.75 A 

Table 5. (Continued) 
Significance level: * indicates significant differences at (P ≤ 0.05). Different letters within the same column indicate significant 
differences between treatments according to Duncan’s multiple range test 

5. Discussion 
The observed increase in nitrogen, phosphorus, and potassium content in soils treated with EM Bokashi, 

NPK fertilizer, and foliar-applied nano-silicon and nano-selenium is attributed to the synergistic effects of 
these inputs. The biofertilizer EM Bokashi enhances microbial activity in the soil, leading to improved nitrogen 
availability and reduced losses through leaching, volatilization, or chemical fixation. Moreover, it facilitates 
the decomposition of organic matter and solubilization of phosphorus and potassium bound to soil minerals, 
increasing their bioavailability [23-25]. 

The application of NPK fertilizer provides a direct source of essential macronutrients; however, its 
combination with EM Bokashi ensures sustained nutrient supply over time [26,27]. Additionally, selenium and 
silicon have been shown to improve nutrient uptake and enhance plant resistance to abiotic stress. Silicon is 
known to boost nutrient absorption efficiency and stress tolerance [28], while selenium contributes to enzymatic 
activities that influence nutrient stability in the soil [29]. 

The integrated use of organic and inorganic sources improved soil nutrient content, while the significant 
differences among treatments suggest that using EM Bokashi and NPK alone did not achieve maximal nutrient 
retention.. The addition of silicon and selenium enhanced nutrient uptake synergistically. These findings align 
with previous studies [30,31]. that emphasize the benefits of integrated fertilization in enhancing soil fertility and 
minimizing nutrient losses. 

Statistical analysis (Duncan’s test, P ≤ 0.05) in Table 4 also revealed significant differences in biochemical 
soil indicators, including soil organic matter (SOM), cation exchange capacity (CEC), and microbial counts 
(bacteria and fungi). Treatments incorporating Si, Se, NPK, and EM Bokashi showed the highest SOM levels, 
especially the triple and quadruple combinations, indicating a cumulative effect on organic matter 
accumulation. 

The beneficial microbes in EM Bokashi break down organic residues and recycle nutrients, enhancing 
soil structure and SOM [32]. Treatments combining EM Bokashi with Si or NPK showed moderate 
improvements compared to triple treatments, suggesting that silicon alone may not significantly improve SOM 
but may contribute indirectly by improving SOM stability [10]. While NPK contributes to microbial activity, it 
lacks the biodegradative role of EM Bokashi. Single-factor treatments did not show significant improvements, 
and the control treatment recorded the lowest SOM, indicating continuous SOM depletion in the absence of 
biostimulants [33]. Similarly, treatments combining SiNPs, SeNPs, NPK, and EM Bokashi achieved the highest 
CEC values, reflecting improved nutrient retention capacity. This can be explained by: 

1. Silicon enhancing soil structure through clay particle stabilization [4] 

2. EM Bokashi promoting microbial activity and organic acid release, improving nutrient retention [34]. 

3. NPK providing a consistent source of ions in the soil solution. 
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Finally, synergistic treatments, particularly the quadruple combination, showed the highest bacterial and 
fungal populations, while single treatments had limited effects. EM Bokashi alone improved microbial activity 
compared to control but was less effective than combined treatments. As a microbial inoculant containing 
effective microorganisms, EM Bokashi significantly enhances biological activity, promoting soil health and 
crop productivity [35,36]. Nano-Si and Se may also increase nutrient availability and stimulate plant–microbe 
interactions. 

The significant rise in fungal populations under combined treatments indicates improved soil conditions 
and a thriving beneficial fungal community that supports nutrient absorption and disease resistance. The 
significant improvement in growth parameters such as plant height, stem diameter, and marketable head radius, 
as shown in Table (5), under the quadruple combination treatment compared to the control is attributed to the 
synergistic effect of EM Bokashi biofertilizer, balanced NPK fertilizer, and foliar application of silicon and 
selenium nanoparticles. 

These findings are consistent with the results [37].This was attributed to the elevated antioxidant enzyme 
activity in plants treated with silicon and NPK, which helped scavenge reactive oxygen species caused by 
oxidative stress, in addition to increasing the secretion of organic acids and reducing boron concentrations in 
plant roots and shoots. The study concluded that the application of silicon and macronutrients could mitigate 
boron toxicity and enhance plant growth under metal stress through balanced organic acid exudation. 

Regarding the chlorophyll index (SPAD), a significant increase was observed under the quadruple 
combination compared to the other treatments. This improvement is due to the positive interaction among the 
combined elements: silicon enhances photosynthetic efficiency by stabilizing cell membranes and protecting 
chloroplasts from oxidative stress; selenium may indirectly contribute to chlorophyll biosynthesis at certain 
concentrations; and nitrogen, a component of NPK, is directly involved in chlorophyll molecule formation. 
Similar results were reported by [38], in their study on potatoes, where NPK application led to improved growth 
traits such as increased stem diameter and tuber yield, alongside enhanced physiological attributes including 
total chlorophyll and carotenoid content. Moreover, NPK fertilization improved tuber quality by increasing 
starch and sucrose levels and boosting enzymatic activity associated with sugar metabolism. Lipid peroxidation 
markers were also reduced, indicating improved plant resistance to environmental stress. 

Treatments combining balanced nutrient sources (N, P, K) with silicon, selenium, and EM Bokashi 
significantly outperformed single-factor or untreated control treatments. EM Bokashi improved soil biological 
activity and nutrient absorption efficiency, which positively affected plant growth and productivity [39]. 
Furthermore, [40], demonstrated that mineral fertilization significantly increased fruit yield in strawberry (Duch 
Fragaria × ananassa) compared to the control. 

In addition to the agronomic and physiological aspects, the results also have important economic 
implications. The combined application of bio-organic fertilizer (EM Bokashi) with balanced mineral fertilizer 
(NPK) and foliar spraying of silicon and selenium nanoparticles significantly enhanced the marketable yield 
of cabbage, with increases exceeding 70–100 Mg ha⁻¹ compared to the control and single treatments. This 
remarkable increase in productivity translates into higher economic returns for farmers per unit area, while the 
additional costs of bio-organic and nano-fertilizer inputs remain relatively limited. Moreover, the integration 
of bio-organic and nano-enabled fertilizers reduces the required amounts of mineral fertilizers, leading to lower 
production costs and minimizing environmental pollution. Therefore, adopting such fertilization strategies 
ensures economic feasibility by improving crop productivity, increasing farmers’ income, and reducing both 
financial and environmental burdens associated with excessive use of conventional chemical fertilizers. 
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6. Conclusions 
The quadruple combination treatment (EM Bokashi + NPK + SiNPs + SeNPs) was the most effective in 

enhancing both vegetative growth and physiological performance growth of cabbage, outperforming all other 
treatments, particularly the control. EM Bokashi played a pivotal role in boosting microbial activity and 
nutrient uptake, resulting in increased plant biomass. Silicon and selenium nanoparticles contributed to 
enhanced stress tolerance and improved SPAD index values. using NPK alone is insufficient, while integrated 
fertilization serves as a powerful strategy for improving metabolic function and soil fertility. Significant 
improvements in soil organic matter (SOM) and cation exchange capacity (CEC) were observed under triple 
and quadruple treatments. the importance of synergy among organic, mineral, and nano-fertilizers in achieving 
sustainable improvements in yield and crop quality. 
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