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Purpose: This research evaluates the combined impact of chemical and
biological fertilizers on 'Zard' olive trees, aiming to reduce chemical
dependency, enhance fertilizer efficiency, and improve nutritional value, yield,
and oil quality from 2020 to 2023.

Method: A factorial design within a randomized complete block was used,
focusing on the first factor, soil chemical fertilizer application (CF) at three
levels, 100% (CF100), 75% (CF75), and 50% (CF50) of the fertilizer requirement
as determined by soil testing. This was coupled with foliar applications of 20-20-
20 NPK fertilizer with micronutrients. The second factor, biological fertilizer
application (BF), also comprised three levels: BFO (control), soil-applied organic
fertilizer without biological agents; BF1, which included a soil application of an
organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria Bacillus
subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and
amino acids; and BF14+BFF, where trees were treated with both soil and foliar
applications of the aforementioned bacterial species, fulvic acid, and
amino acids.

Results: The CF100+BF1+BFF treatment significantly increased fruit length
(31.14%), diameter (41.61%), flesh thickness (30.48%), fresh weight (38.76%),
dry weight (55.68%), and yield per tree (27.00%) compared to the control
(CF100+BFO0). Principal Component Analysis (PCA) identified CF100+BF1+BFF,
CF75+BF1+BFF, and CF50+BF14+BFF as superior treatments for fruit
characteristics, while CF50+BF1+BFF excelled in oil quality indicators.
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Conclusion: The study recommends the CF75+BF1+BFF and CF50+BF1+BFF
treatments for concurrent improvements in fruit and oil quality. The combined
use of biological fertilizers with reduced chemical fertilizers is considered the
superior and optimal approach for fertilizing "Zard' cultivar olive orchards.
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Introduction

Olive trees (Olea europaea L.) are recognized for their potential
to counteract the adverse effects of climate change, offering a
sustainable alternative to crops that are more vulnerable to
drought in arid and semi-arid regions (Nteve et al, 2024). In
Iran, the expansion of olive orchards has been noteworthy over
recent decades. Currently, olive cultivation occupies an area of
approximately 100,000 hectares, with an annual yield of 70 to 80
thousand tons of olives, from which 5,000 to 5,500 tons of oil are
extracted (FAO, 2023). The formulation of effective horticultural
strategies is imperative to boost productivity and ensure the
integrity of both the fruit and the oil (Brito et al, 2019).
Nutritional management is critical in enhancing the overall
performance of olive trees (Jiménez-Moreno and Fernandez-
Escobar, 2017; Tadayon and Hosseini, 2023). Improving nutrient
bioavailability in proximity to the olive roots is vital for augmenting
plant metabolism and consequently, the quality of the fruit (Zipori
et al., 2020). The interplay among soil, roots, and microorganisms
constitutes a dynamic and integral network. This network, in
synergy with chemical fertilizers, is instrumental in maintaining
soil fertility. Nutrient deficiencies can impede yield, yet the overuse
of chemical fertilizers may lead to a decline in soil microbial
diversity, reduced soil fertility, and topsoil degradation,
potentially causing soil compaction, as reported by Herrmann
and Lesueur (2013). In contrast, incorporating biofertilizers can
lessen reliance on chemical fertilizers and mitigate environmental
risks. The strategic use of biofertilizers supports sustainable
agriculture and contributes to the yield of high-quality olive
crops, as evidenced by Ben Salah et al. (2018).

Recent research indicates that biological fertilizers, along with
beneficial microorganisms, collectively referred to as microbial
flora, substantially enhance the efficacy of both chemical and
organic fertilizers. This enhancement is most pronounced when
biological fertilizers complement chemical fertilizers and, on rare
occasions, can even replace them (Zipori et al.,, 2020). Biological
fertilizers are consistently shown to increase soil microbial diversity,
alleviate soil-related stressors, contribute to overall biodiversity, and
augment the bioavailability of nutrients within the soil matrix
(Bhattacharyya et al., 2020; Melloni and Cardoso, 2023).

Plant growth-promoting bacteria (PGPB) are crucial biotic
constituents of soil ecosystems, playing an indispensable role in
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the sustainable cultivation of agricultural and non-agricultural plant
species. The absence of PGPB from the soil ecosystem would
markedly hinder plant growth and development (Ben Salah et al.,
2018; Jacob and Paranthaman, 2023). Additionally, PGPB
application provides a defensive mechanism against
phytopathogens and other deleterious organisms, thereby
facilitating bioremediation processes and protecting various soil
horizons (Ammar, 2024).

Arbuscular mycorrhizal fungi (AMF) have been observed to
enhance critical physiological parameters, including the
photosynthetic rate and mineral nutrient profile of olive trees
(Tekaya et al., 2017; Boutaj et al.,, 2020). Moreover, the
supplemental introduction of AMF has been linked to improved
survival rates and ecophysiological performance of olive trees,
particularly in arid environments (Ennajeh and Ouledali, 2024).

Nutrient deficiencies, particularly under drought conditions,
can severely impact plant growth due to hindered nutrient
absorption, translocation, and redistribution within the plant,
especially in soils with low organic matter and moisture content
(Marschner, 2011; Zipori et al., 2020). The application of organic
matter, in conjunction with biofertilizers, by enhancing soil
moisture retention, can optimize plant metabolic processes and
increase nutrient use efficiency (Herrmann and Lesueur, 2013;
Garcia-Fraile et al., 2015; Raimi et al., 2017). Biofertilizers provide
a wide spectrum of absorbable nutrients and growth promoters for
plants, thus establishing a foundation for increased productivity per
unit area (Bhattacharyya et al., 2020; Bizos et al., 2020; Jacob and
Paranthaman, 2023; Melloni and Cardoso, 2023). Alowaiesh et al.
(2023) evaluated the effectiveness of organic and bio-fertilizers on
olive trees cultivated in low-fertility sandy soils. The study revealed
that the application of goat manure, combined with nitrogen-fixing
bacteria, significantly enhanced vegetative growth, yield, and
fruit quality.

The foliar application of biological fertilizers, even in minimal
quantities, effectively augmented the levels of antioxidants in the
leaves and fruits of various olive cultivars grown in calcareous soils
(Maksoud et al., 2009). This elevation in antioxidant content within
olive fruits is vital for human health. Dabbaghi et al. (2018) showed
that foliar application of biofertilizers on olive trees enhances both
the quantitative and qualitative characteristics of the fruit.
Furthermore, Sotiropoulos et al. (2024) conducted research on
mature olive trees, revealing that foliar application of a liquid
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organic product containing fulvic and humic acids significantly

impacted fruit yield and oil production, particularly in alkaline soils. -§ B £ E

The foliar application of amino acids, in conjunction with fulvic g’g 'g % E é
acids, leverages the high absorption and remobilization of nutrient ﬁ an; g = 3
elements through the plant’s aerial system, potentially leading to €%
maximal plant growth (Han et al., 2024). Specific amino acids, such _g 22 o 2|3
as cysteine and phenylalanine, increase the antioxidant metabolism o S PR
and the activity of resistance enzymes when applied as a foliar - B = °|e
treatment (Trovato et al., 2021). The foliar application of amino 5 - c < e
acids with biofertilizers, such as Bacillus amyloliquefaciens, has been 5 %. © = il
shown to improve crop yield. The addition of these beneficial = qé ~ S § z
microbes may also play a role in altering the composition of the E = o =
leaf microbiota, thereby enhancing plant health (Wang et al., 2019). - 5 @
It appears that the combination of amino acids and plant growth- == @ 9z
promoting bacteria can effectively increase root volume and crop % 5 3 = S
production (Freitas and Silva, 2022). S E S e

Considering these factors, the present study aims to explore the | SRS
impact of integrated nutrition, utilizing both biological and chemical 52 N R
fertilizers, on diminishing the reliance on chemical fertilizers. The g CE» 3 = | =
experiment also seeks to assess the enhancement of plant nutrient w | o
status and the subsequent effects on the yield and oil production =
quality and quantity in olive trees (Olea europaea L. cv “Zard’). g g %-

> B £|&
Materials and methods 1 E
Site description o =G }
: i :

The study was conducted in a commercial orchard of 19-year- £ _— S L
old, own-rooted olive trees (Olea europaea L. cv. ‘Zard’), planted at g el s R o |
a density of 238 trees per hectare. The planting arrangement O ; GE) S . © N S
consisted of 6 m between trees within rows and 7 m between £ W 3 Z
rows, with a modified central leader training system. The orchard Tg e a‘,: 2
was equipped with a drip irrigation system, and irrigation was g 5 §' & §
scheduled based on 70% of Class A pan evaporation, applied at 4- 5 S £ 3 T w | o
day intervals throughout the experiment. The orchard is situated at % || 3 = i
coordinates 29°36’40.2192”N, 52°47°39.988”E, at an altitude of 1624 g 9 %
meters, to the east of Shiraz in Fars Province, Iran. This area is E g%_ - % g’
known for its semi-arid climate, characterized by hot summers, E" § GE) 4 T,g B
relatively cold winters, and an average annual temperature & c% — g -§A
fluctuating between 17 to 19°C. The research spanned four § g 8% % f
consecutive years, from 2020 to 2023. In February 2019, before £ % ~ f =3
the implementation of the experimental treatments, sample of E, el f g
irrigation water and composite soil were collected from two £ &< GE) s ‘» §
depths: 0-30 cm and 30-60 cm beneath the canopy’s edge. The £ 8= ‘é -
water and soil sample’s characteristics were analyzed using the E T - §
methods outlined by Estefan (2013), at the analytical laboratory of % = < s o
the Soil and Water Research Department, Fars Agricultural and ;‘g = i’é oz ‘gw [= g | oz
Natural Resources Research and Education Center, Zarghan, Iran. £ s E = ?L; il

The chemical characteristics of the irrigation water sample in g g £ 'g ==
the experimental olive (Olea europaea L. cv. “Zard’) orchard are § ga . ,§
provided in Table 1. The irrigation water quality is generally within % o E = %_’ €
acceptable limits for olive cultivation. However, the slightly alkaline S ﬁ 3 z EU— s 8
pH and the high sodium adsorption ratio (SAR) value suggest that [ ~ ws s 8
there may be a long-term risk of soil alkalinity and sodium E g E S
accumulation. The soil at the experimental site is classified as = =
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calcareous with a silt loam texture. The moderate salinity and
alkaline pH are within the tolerance range of olive trees. It
contains a low level of macro- and micronutrients and organic
carbon (Table 2).

Experimental factors

In February 2019, 120 olive trees (Olea europaea L. cv. Zard),
exhibiting similar canopy sizes, were systematically selected and
labeled in accordance with the experimental design. All cultural and
management practices were uniformly applied across the trees, with
the exception of the specified treatment variables. The experimental
design was factorial, implemented in a randomized complete block
design with two factors. The first factor, Soil Chemical Fertilizer
Application (CF), was tested at three levels, 100% (CF100), 75%
(CF75), and 50% (CF50) of the fertilizer requirement as determined
by soil testing. This was coupled with foliar applications of a balanced
20-20-20 NPK fertilizer enriched with micronutrients. The second
factor, Biological Fertilizer Application (BF), also comprised three
levels: BFO (control), where trees received only soil-applied organic
fertilizer without biological agents; BF1, which included a soil
application of an organic fertilizer mix, mycorrhizal fungi, and the
beneficial bacteria Bacillus subtilis and Pseudomonas fluorescens,
supplemented with fulvic acid and amino acids; and BF1+BFF,
where trees were treated with both soil and foliar applications of
the aforementioned bacterial species, fulvic acid, and amino acids. The
experimental design was structured with four replications per
treatment, each comprising five trees. The foliar application of the
bacterial consortium (Bacillus subtilis and Pseudomonas fluorescens),
fulvic acid, and amino acids, in conjunction with the 20-20-20
chemical fertilizer containing micronutrients at a 0.3%
concentration, was performed twice: once during the flower
initiation phase, at the 51-55 stage on the BBCH scale, as described
by Sanz-Cortes et al. (2002), which precedes full bloom. The second
application was timed to align with the beginning of flower induction,
at the 71-75 stage on the BBCH scale, coinciding with the
commencement of fruit stone hardening. The complete 20-20-20
NPK fertilizer (Woprofert Netherlands) contains ammonium
nitrogen (NH,") at 3.9%, nitrate nitrogen (NOj3) at 5.9%, and urea
at 10.2%. It provides water-soluble phosphorus (P,Os) at 20%, water-
soluble potassium (K,0O) at 20%, and essential micronutrients such as
iron (Fe-EDTA) at 260 ppm, copper (Cu-EDTA) at 75 ppm,
manganese (Mn-EDTA) at 320 ppm, zinc (Zn-EDTA) at 230 ppm,
and boron (as boric acid, H;BO3) at 100 ppm.

Based on soil test results, a 100% chemical fertilization regimen
was established, comprising the application of Urea (46-0-0, 750 g
per tree), Potassium sulfate (0-0-53 + 17S, 900 g per tree), and
Diammonium phosphate (DAP) (18-46-0, 750 g per tree), along
with Iron chelate (300 g per tree of Sequestrene 138-Fe EDDHA
6%). These fertilizers were applied at three pivotal growth stages:
the onset of flush growth, two-thirds into the flush growth period,
and during early fruit development in June. Additionally, Zinc
sulfate (33% Zn, 15% S, 300 g per tree), manganese sulfate (31% Mn,
18% S, 300 g per tree), and copper sulfate (25.5% Cu, 12.5% S, 150 g
per tree) were administered in early spring to all olive trees. The
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TABLE 3 Population of counted bacteria in the commercial inoculum
used in the biological fertilizer treatment.

Type of Bacteria Population

Pseudomonas fluorescens (BioNik-M) 1.7 x 10® Cells ml’!

Bacillus subtilis (BioNik-M) 2 x 10° Cells ml™

Population of mycorrhizal powder inoculum 10° Cells gr' Propagule

(Arbuscular mycorrhizal fungi AMF, Rhizophagus
irregularis, BioNik-M)

application of chemical fertilizers to the soil was performed via
fertigation, utilizing a fertilizer tank.

In the preparation of the biological fertilizer, a bacterial
inoculant in liquid form was utilized. The characteristics of the
bacterial population present in the commercial inoculum, which
was applied in the biological fertilizer treatment, are detailed in
Table 3. Additionally, mycorrhizal fungi were cultivated in solid
form and subsequently combined with the bacterial inoculant,
amino acids, and fulvic acid to create a comprehensive
biological treatment.

The method of soil application for the organic and biological
fertilizer treatment involved channel fertilization at a depth of 50
cm beneath the canopy edge (in late winter), supplemented by 45 kg
of decomposed cow manure. The quantity of combined biological
fertilizer used for each tree included 500 g of mycorrhizal fungi and
250 mL of each bacterial inoculant (totaling 500 mL for two
bacterial species), along with 100 mL of amino acids and fulvic
acid for soil application. Additionally, foliar spraying of the
biological fertilizer, excluding mycorrhizal fungi but incorporating
a combination of two bacterial species at 250 mL each, plus 100 mL
of amino acids and fulvic acid, was conducted with sufficient water
to ensure complete wetting of each tree.

Leaf tissue analysis

Fully developed leaves for each season were collected around late
August, which is approximately three weeks following the application
of experimental treatments. These leaves were taken from the middle
section of non-fruit-bearing branches. The collected samples were
then washed with distilled water, oven-dried at 70°C and analyzed in
accordance with the methodologies outlined by Estefan (2013). This
analysis was conducted at the analytical laboratory of the Soil and
Water Research Department, located at the Fars Agricultural and
Natural Resources Research and Education Center in Zarghan, Iran.
Briefly, nutrient elements such as total nitrogen were measured using
the micro-Kjeldahl method with a Kjeltec auto analyzer (Tecator,
1030). Phosphorus was quantified by colorimetry using a Pharmacia
spectrophotometer (Pharmacia LKB, Novaspec II), potassium by a
Jenway flame photometer (Jenway, PFP7), and the concentrations of
calcium and magnesium were determined by complexometric
titration. Trace elements, including zinc, manganese, iron, copper,
were quantified by atomic absorption spectroscopy using a
PerkinElmer instrument (Perkin Elmer 1100 B), following sample
ashing in a furnace and digestion with 0.1 N hydrochloric acid. Boron
was determined by the azomethine-H method.
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Quantitative and qualitative characteristics
of olive fruit and oil

Olive fruits were harvested when 50% of the olive fruit displayed
partial or total purple color; this was equivalent to a maturity index
of 7 for at least 50% of the fruit harvested. Harvesting was
performed using electric combs (Olivium, Pellenc, France), which
facilitated the detachment of the fruit onto plastic nets during the
commercial harvest period in October. The yield was then gathered,
weighed, and the total fruit yield per tree was documented using a
scale. Subsequently, a representative 3 kg sample was randomly
selected for comprehensive analysis of the fruit’s oil yield
and quality.

The fresh weight of one hundred randomly selected fruit
samples per replicate was accurately measured using a digital
balance with a sensitivity of 0.001 g. The dry weight was
determined post-dehydration of the samples for 48 hours at 80°C,
and the average individual fruit fresh and dry weight was
subsequently calculated. The dimensions of the fruit, specifically
length and width, were measured for one hundred random fruit
samples per replicate using digital calipers.

Oil extraction was conducted using a laboratory-scale olive mill
according to Juliano et al. (2023) method, where the olive fruits were
crushed at a consistent speed of 3000 rpm using a hammer mill (FP
HP 40 model, Gruppo Pieralisi). Approximately 700 g of the resulting
paste from the hammer mill was subjected to malaxation at 50 rpm
for 30 minutes at a controlled temperature of 28°C. Subsequently, the
paste was centrifuged at 1400x g for 2 minutes, followed by a
secondary centrifugation of the liquid phase at 3500 rpm for 10
minutes using a Fisher Scientific Accuspin 3R Centrifuge. The
extracted oil was meticulously separated and preserved in 100 mL
dark glass bottles at -20°C until further analysis.

To ascertain the fruit water content, approximately 30 g aliquot
of the resulting paste was transferred to a pre-weighed Petri dish,
dried in a fan-forced oven at 80°C for 24 hours until a constant
weight was reached, and subsequently allowed to cool to room
temperature in a desiccator. The dry weight of the sample was
recorded, and the water content was calculated as a percentage of
the total fruit weight. The oil content of the fruit was determined per
gram of dry weight using the Soxhlet extraction method, with
hexane as the extraction solvent (Trolles-Cavalcante et al., 2021).
Assessments of fatty acids (FFA), peroxide index and specific
extinction coefficients Kz, Ky70, Kaezs Kaegs Koys and DeltaK
(AK) in olive oil were carried out according to the International
Olive Council methods of analysis (IOC, 2019).

Free Fatty Acids (FFA) in olive oil are analyzed by gas
chromatography (GC) method. Olive oil samples were stored at
-20°C prior to analysis. Upon thawing at room temperature, 0.05 g of
each sample was transferred into a screw-capped test tube with
Teflon seals. Analyses were performed in duplicate, with the
addition of either 0.5 ml of C17:0 (a saturated fatty acid with a 17-
carbon chain) in toluene solution (0.75 mg/ml) or 0.5 ml of C21:0 in
toluene solution (1.25 mg/ml) as internal standards. To each tube, 0.5
ml of toluene and 1.7 ml of methanol: toluene (4:1 v/v) were added—
these solvents were utilized for lipid extraction prior to GC analysis.
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The tubes were then vortexed for homogenization. The methylation
of the extracted lipids was facilitated by adding 0.25 ml of acetyl
chloride, followed by incubation at 100°C for 1 hour. Post-incubation,
the samples were allowed to cool to room temperature. Subsequently,
5 ml of 5% potassium chloride was added, and the samples were
centrifuged at 1000 rpm for 6 minutes using a Fisher Scientific
accuspin 3R centrifuge (Saint-Laurent, Canada). The supernatant was
carefully decanted for the analysis of fatty acid methyl esters (FAMEs)
by gas chromatography (GC). FAMEs were analyzed using an Agilent
GC System (model 5975). Purified helium served as the carrier gas,
maintained at a head pressure of 109.9 kPa and a column flow rate of
0.43 mL/min. The split ratio was set at 89.8, with an injector
temperature of 250°C. Detection and quantification of FAME peaks
were conducted using a flame ionization detector (FID) at 250°C. For
the GC injection, 1 UL of the sample was introduced at an initial oven
temperature of 50°C, which was maintained for 1 minute. The
temperature was then increased at a rate of 2°C/min to 188°C, held
for 10 minutes, followed by a further increase at 2°C/min to the final
temperature of 240°C, which was sustained for 44 minutes. The total
run time amounted to 150 minutes. Peak identification was achieved
using a 37-component FAME standard (Supelco, FAME mix C4-
C24, 100 mg). The area of each individual peak was expressed as a
percentage of the total peak area.

Peroxide value (PV) is a common method for evaluating
oxidation in fats and oils which affects their quality, particularly
in relation to the off-flavour and rancidity development (Gilbraith
et al, 2021). High temperature, exposure to visible or diftused light
and oxygen, contact with metal surfaces (e.g., copper), physical,
disease and pest damage to fruit and delays between harvest and
processing time can increase the risk of oxidation of olive oils
(Kiritsakis et al., 2020).

Specific extinction coefficients (values) K35, Ks70, Kasz, Kags, Kaza
and DeltaK (AK) in olive oil are determined by a spectrophotometric
(Pharmacia LKB, Novaspec II) method. A sample of olive oil is
dissolved in a specified solvent (iso-octane or cyclohexane) to create a
solution with a concentration of 1% (m/V). The absorbance of the
solution at the specified wavelengths (232 nm and either 268 nm in
iso-octane or 270 nm in cyclohexane) with reference to pure solvent.
The specific extinctions at 232 nm and 268/270 nm are calculated for
the 1% concentration in a 10 mm cell. Specific extinction coefficients
at those wavelengths are pivotal in determining the oxidation status
of olive oil. During the oxidation process, conjugated peroxides,
primarily hydroperoxides, emerge as initial oxidation products,
leading to characteristic absorption peaks at 232 nm within the
ultraviolet (UV) spectrum. These hydroperoxides subsequently
decompose into secondary oxidation products, such as aldehydes
and ketones, which exhibit absorption around 270 nm. The
absorbance readings at 262 nm, 268 nm, and 274 nm facilitate the
calculation of AK (AK = Kyes — ((Kysa + Ks74)/2)), which
is instrumental in categorizing the oxidation levels of olive oil
(I0C, 2019; Frangipane et al., 2023).

Extra virgin olive oil is classified with a maximum free acidity,
expressed as free oleic acid, of 0.8 g per 100 g, a peroxide value lower
than 20, a K3, lower than 2.50, a K,4g or K, of lower than 0.22,
and a AK lower than 0.01 (IOC, 2019).
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Statistical analysis

The percentage data, prior to statistical analysis, were
normalized using the arcsine square root transformation. The
combined analysis of variance (ANOVA) of the data from the
four-year experiment was conducted using SAS software (Alonso
etal., 2016), and the comparison of treatment means was performed
with the Least Significant Difference (LSD) test. The correlations
were calculated using Microsoft Excel 2016 (Jackson, 2016). The
relationship between various measured parameters was analyzed by
principal component analysis (PCA) using Minitab 14 software
(Wild, 2005).

Results
Leaf nutrient content

In this study, we conducted a combined analysis of variance
(ANOVA) on the dataset collected over a four-year period. This
analysis allowed us to isolate the effect of time (year) and the
interaction between time and treatment variables. Following this,
we assessed both the simple and interaction effects of experimental
factors on the measured traits. These effects were rigorously
compared and scrutinized to understand their impact on the
experimental outcomes.

Tables 4 and 5 illustrate that varying levels of chemical
fertilizers contained soil-applied chemical fertilizers, in
conjunction with foliar sprays, significantly affected the nutrient
element concentrations in the leaves of olive trees. In the Zard olive
cultivar, the highest concentrations of macro and micronutrients
were observed at the CF100 (control) and CF75 treatment levels,
respectively. These levels, with the exception of the leaf iron (Fe)
concentration, were categorized within the same statistical group.
This indicates a potential for reducing chemical fertilizer inputs.
However, reducing the chemical fertilizer to 50% (CF50)
significantly decreased nutrient concentrations, dropping below
the sufficiency levels for nitrogen (N), phosphorus (P), potassium
(K), iron (Fe), manganese (Mn), zinc (Zn), and copper (Cu), which
could lead to deficiencies. Notably, the leaf boron (B) concentration
across the three distinct soil application levels, coupled with the
foliar spray of chemical fertilizers, did not differ statistically, as
evidenced in Table 5.

The application of organic matter to soil, in conjunction with
biofertilizers, has been shown to significantly influence the leaf
nutrient concentrations N, P, K, S, Fe, Mn, Zn, and Cu (Tables 4, 5).
Specifically, the BF1+BFF treatment, which involves both soil
application and foliar spray of biofertilizers, led to the most
substantial increase in the concentrations of leaf N, P, K, S, Fe,
Mn, Zn, and Cu. The increments were 34.94%, 77.78%, 46.67%,
53.85%, 55.14%, 45.02%, 90.64%, and 39.4%, respectively. Notably,
this treatment showed no significant difference from the BF1
treatment (soil application of biofertilizers alone) in terms of
elevating the leaf nutrient concentrations of N, P, K, and S.
However, the BF1 treatment was ranked in the second statistical
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group for the enhancement of Fe, Mn, Zn, and Cu concentrations.
This suggests that the foliar application of biofertilizers has a
marked impact on increasing these specific leaf nutrients in the
Zard olive cultivar.

The interaction effect of the concurrent application of chemical
fertilizers (CF) and biofertilizers (BF) on leaf nutrient content was
found to be significant. Notably, the treatments CF100+BF1+BFF,
CF100+BF1, and CF75+BF1+BFF demonstrated the most
pronounced enhancement in the foliar concentrations of N, P, K,
Ca, Mg, and S, aligning them within the same statistical group as
indicated in Table 4. The combination of CF100 with BF1+BFF
showed the highest increase in N content by 31.37%, P content by
58.33%, K content by 38.89%, S content by 43.75%, Ca content by
34.62%, Mg content by 17.07%, Fe content by 57.94%, Mn content
by 40.23%, Zn content by 32.87%, and Cu content by 20.28%
compared to CF100+BFO (control). Specifically, the CF75+BF1
treatment was distinguished as the leading group for elevating the
foliar levels of P, K, and Mg. Furthermore, the treatments CF100
+BF1+BFF and CF75+BF1+BFF were responsible for the highest
increments in the foliar concentrations of Fe, Mn, Zn, Cu, and B in
the Zard olive cultivar. With the exception of Fe, these treatments
were categorized within the same statistical group. Additionally,
these treatments, in conjunction with CF50+BF1+BFF, were
grouped together for their role in augmenting the foliar
B concentration.

Fruit characteristics of olive trees

The application of chemical fertilizers, significantly influenced
the quantitative traits of olive fruits, such as fruit length, diameter,
and both fresh and dry weights, as well as the average yield per tree,
with the exception of fruit flesh thickness (Table 6). The most
pronounced values for these traits were observed in the CF100
(control) and CF75 treatments, which were categorized within the
same statistical group. A 50% reduction in the soil application of
chemical fertilizers, as determined by soil testing (CF50), led to a
significant decrease in the quantitative traits of the fruit, including
reductions in fruit length (by 21.47%), fruit diameter (by 22.25%),
both fresh and dry weights (by 9.73% and 10.87%, respectively), and
the average yield per tree (by 33.19%) of the Zard olive cultivar,
when compared to the control, thereby assigning it to the second
statistical group.

The soil and foliar application of biological fertilizer, in
conjunction with organic matter, markedly influenced all
quantitative traits of the Zard cultivar olive fruit. The treatment
involving soil application of biological fertilizer and organic matter,
coupled with foliar application of biological fertilizer BF1+BFF,
exhibited the most substantial enhancement in the quantitative
traits of the Zard cultivar olive fruit, in comparison to the control
(absence of biological fertilizer application). The application of BF1
+BFF treatment was observed to enhance various fruit growth
parameters in comparison with the BFO (control). The results
indicated a significant increase in fruit length by 39.11%, fruit
diameter by 62.80%, fruit flesh thickness by 32.09%, fruit fresh
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TABLE 4 The simple and interactive effects of chemical and biological fertilizers on the leaf macronutrient concentration in olive trees (Olea

europaea L., cv. "Zard’).

Treatment

I- Chemical fertilizers

CF100 (control) 2.38 +0.22a 0.16 + 0.02a 1.54 + 0.16a 1.85 £ 0.17a 0.45 + 0.06a 0.20 + 0.02a
CF75 2.11 £ 0.22a 0.14 + 0.01a 1.46 + 0.15a 1.64 + 0.15ab 0.43 + 0.03a 0.17 + 0.02a
CF50 1.42 + 0.15b 0.09 + 0.01b 0.97 + 0.11b 1.49 + 0.16b 0.31 + 0.04b 0.12 + 0.01b
E. test o ot o+ * * ot

II- Biological fertilizers

BFO (control) 1.66 + 0.13b 0.09 + 0.01b 1.05 + 0.10b 145 +0.13a 0.36 + 0.03a 0.13 + 0.01b
BF1 2.00 £ 0.23a 0.13 + 0.01a 1.38 £ 0.12a 1.68 + 0.14a 0.41 + 0.04a 0.17 + 0.02a
BF1+BFF 224 +0.24a 0.16 + 0.02a 1.54 + 0.13a 1.84 + 0.15a 0.42 + 0.04a 0.20 + 0.02a
F. test ha il * ns ns bl
Interaction

CF100+BF0 (Control) | 2.04 + 0.23bcd 0.12 + 0.01c 1.26 + 0.17bc 1.56 + 0.13cd 0.41 + 0.04abc 0.16 + 0.02cd
CF100+BF1 241 + 0.22ab 0.16 + 0.02ab 1.61 £ 0.14a 1.89 + 0.17ab 0.48 + 0.05a 0.21 + 0.02ab
CF100+ BF1+BFF 2.68 + 0.25a 0.19 + 0.02a 1.75 + 0.13a 2.10 + 0.22a 0.45 + 0.05ab 0.23 + 0.02a
CF75+BF0 1.83 £ 0.19¢ 0.09 + 0.01d 1.15 + 0.14cd 1.46 + 0.13cd 0.43 + 0.04ab 0.13 + 0.01de
CF75+BF1 2.14 + 0.24bc 0.15 + 0.02abc 1.54 + 0.12ab 1.67 + 0.14bc 0.42 + 0.05ab 0.18 + 0.02bc
CF75+ BF1+BFF 2.37 + 0.22ab 0.17 + 0.02a 1.68 + 0.15a 1.79 + 0.15ab 0.45 + 0.05ab 0.21 + 0.02ab
CF50+BF0 1.12 £ 0.17f 0.06 + 0.0le 0.75 + 0.09¢ 134 + 0.16d 0.23 + 0.03d 0.09 + 0.0le
CF50+BF1 145 + 0.13¢ 0.08 + 0.01de 0.98 + 0.12d 1.49 + 0.13cd 0.34 + 0.02¢ 0.11 + 0.0le
CF50+ BF1+BFF 1.68 + 0.19de 0.13 + 0.01bc 1.18 + 0.10cd 1.63 % 0.15bcd 0.37 + 0.03bc 0.16 + 0.02cd
E. test - ™ ot ot * o*

Sufficient (%) 1.50 - 2.00 0.10 - 0.30 > 0.80 > 1.0 >0.10 0.1-0.25

The data are presented as the main effect means with their corresponding Standard Error (SE). Within the same column, means annotated with identical letters do not exhibit statistically
significant differences as determined by the Least Significant Difference (LSD) test. Significance levels are denoted by * (P < 0.05) and ** (P < 0.01) based on the F-test; ‘ns’ indicates a non-
significant result. Chemical Fertilizer Application (CF), was tested at three levels, 100% (CF100), 75% (CF75), and 50% (CF50) of the fertilizer requirement as determined by soil testing. This was
coupled with foliar applications of a balanced 20-20-20 NPK fertilizer enriched with micronutrients. Biological Fertilizer Application (BF), also comprised three levels: BFO (control), where trees
received only soil-applied organic fertilizer without biological agents; BF1, which included a soil application of an organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria Bacillus
subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and amino acids; and BF1+BFF, where trees were treated with both soil and foliar applications of the aforementioned
bacterial species, fulvic acid, and amino acids.

Bold values: Olive leaf nutrients sufficient range according to (Kailis and Harris, 2007; Fernandez-Escobar et al., 2009; Ali, 2023). Olive leaf tissue analysis from sub terminal leaflets of current

year’s non-fruit bearing growth.

weight by 46.02%, fruit dry weight by 59.28%, and fruit yield by
43.72%, as presented in Table 6.

The interactive effects of chemical and biological fertilizers were
found to be significant on the quantitative traits of the Zard cultivar
olive fruit, as detailed in Table 6. The data presented in Table 6
suggest that the most pronounced measurements of quantitative
traits, including fruit length, diameter, flesh thickness, and overall
fruit weight, were associated with the treatments CF100+BF1+BFF,
CF75+BF1+BFF, CF100+BF1, and CF50+BF1+BFF. Additionally,
the highest values for both fresh and dry fruit weights were observed
in treatments CF100+BF1+BFF, CF75+BF1+BFF, and CF50+BF1
+BFF. This highlights the advantageous impact of the foliar
application of biological fertilizers in combination with chemical
fertilizers on the enhancement of the Zard cultivar olive fruit’s
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weight. Moreover, the most substantial fruit yields correlated with
treatments CF100+BF1+BFF, CF100+BF1, and CF75+BF1+BFF,
which were categorized within the same statistical group.
Following these, treatments CF50+BF1+BFF, CF75+BFI1, and
CF100+BFO0 (Control) were classified in the subsequent statistical
category. The CF100+BF1+BFF treatment resulted in increases in
fruit length by 31.14%, fruit diameter by 41.61%, fruit flesh
thickness by 30.48%, fruit fresh weight by 38.76%, fruit dry
weight by 55.68%, and yield per tree by 27.00% compared to the
control (CF100+BF0). These results demonstrate that the combined
soil and foliar application of chemical fertilizers with biological
fertilizers (BF1+BFF) led to the highest increases in all measured
fruit traits, underscoring the efficacy of this treatment in promoting
olive fruit growth and yield.
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TABLE 5 The simple and interactive effects of chemical and biological fertilizers on the leaf micronutrient concentration in olive trees (Olea europaea

L., cv. "Zard).

Treatment

I- Chemical fertilizers

CF100 (control) 153.0 + 16.1a 42.08 + 4.71a 9.81 + 0.83a 4.33 £ 0.52a 36.77 £ 3.95a
CF75 127.7 £ 13.9b 37.97 + 3.60a 7.93 + 0.74a 3.81 + 0.41a 35.06 + 4.11a
CF50 94.2 £9.7¢c 29.75 + 2.58b 5.23 £ 0.62b 2.80 + 0.30b 34.80 + 3.12a
E. test - - o o* ns

II- Biological fertilizers

BFO (control) 98.3 £ 7.8c 30.14 + 2.89b 5.45 + 0.51c 3.30 + 0.34b 33.33 + 3.69ab
BF1 124.2 + 13.1b 35.90 + 3.24b 7.13 £ 0.67b 3.04 £ 0.25b 31.81 + 3.54b
BF1+BFF 152.4 + 14.5a 43.75 + 4.25a 10.39 + 1.18a 4.60 + 0.39a 4149 + 4.81a
F. test - - o - ns
Interaction

CF100+BF0 (Control) 122.8 + 11.5¢d 35.61 + 3.80cd 8.64 + 0.82¢ 4.24 + 0.45ab 34.32 + 3.22bcd
CF100+BF1 142.3 + 15.0bc 40.68 + 4.16bc 9.32 + 0.97bc 3.65 + 0.41bc 32.49 +3.34d
CF100+ BF1+BFF 193.9 + 18.2a 49.95 + 5.05a 11.48 + 0.95a 5.10 + 0.48a 43.50 + 4.16a
CF75+BF0 98.1 + 10.4e 31.71 £ 3.12de 5.32 £ 0.61d 3.26 £ 0.31c 32,57 + 3.26d
CF75+BF1 136.7 + 12.9bcd 37.63 + 3.19bcd 7.71 £ 0.81c 3.58 + 0.38bc 31.25 + 3.28d
CF75+ BF1+BFF 148.4 + 13.5b 44.57 + 4.11ab 10.76 + 0.97ab 4.59 + 0.43a 41.37 £ 4.02ab
CF50+BF0 74.0 £ 7.8f 23.11 + 2.64f 2.40 + 0.35e 2.40 £ 0.27d 33.10 + 3.47cd
CF50+BF1 93.7 £ 9.5e 29.39 + 2.23e 4.36 + 0.48d 1.89 + 0.21e 31.70 + 3.63d
CF50+ BF1+BFF 114.9 + 12.1de 36.74 + 3.24bcd 8.94 + 0.74c 4.12 + 0.42b 39.61 + 3.75abc
E. test o - o o* -

Sufficient (mg kg") > 90 > 20 > 10 4-9 19 - 150

The data are presented as the main effect means with their corresponding Standard Error (SE). Within the same column, means annotated with identical letters do not exhibit statistically
significant differences as determined by the Least Significant Difference (LSD) test. Significance levels are denoted by * (P < 0.05) and ** (P < 0.01) based on the F-test; ‘ns’ indicates a non-
significant result. Chemical Fertilizer Application (CF), was tested at three levels, 100% (CF100), 75% (CF75), and 50% (CF50) of the fertilizer requirement as determined by soil testing. This was
coupled with foliar applications of a balanced 20-20-20 NPK fertilizer enriched with micronutrients. Biological Fertilizer Application (BF), also comprised three levels: BFO (control), where trees
received only soil-applied organic fertilizer without biological agents; BF1, which included a soil application of an organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria Bacillus
subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and amino acids; and BF1+BFF, where trees were treated with both soil and foliar applications of the aforementioned
bacterial species, fulvic acid, and amino acids.

Bold values: Olive leaf nutrients sufficient range according to (Kailis and Harris, 2007; Fernandez-Escobar et al., 2009; Ali, 2023). Olive leaf tissue analysis from sub terminal leaflets of current

year’s non-fruit bearing growth.

There was no significant change in water content, oil content
(fresh and dry weight), or free acidity across the chemical fertilizer
treatments. The impact of the chemical fertilizers on the peroxide
value of olive oil, was found to be statistically significant (Table 7).
The treatments CF75 and CF100 (control) yielded the lowest
observed values for these characteristics, grouping them within
the same statistical category. Peroxide value showed a significant
increase when the fertilizer was reduced to 50% (CF50) of the
control amount (CF100), with an increase of 11.73%.

Soil biofertilizer application, in conjunction with organic matter
and foliar biofertilizer treatments, significantly altered all quality
parameters of the “Zard’ olive cultivar. The most substantial
increases in water content (by 11.26% and 7.21%), oil content in
the fresh fruit weight (by 14.24% and 6.34%), and in the dry fruit
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weight (by 11.21% and 6.62%) were observed in treatments involving
soil application of biofertilizer with organic matter and foliar
biofertilizer BF1+BFF, and soil application of biofertilizer with
organic matter BF1, respectively, when compared to the control.
Furthermore, the lowest levels of free acidity (28.12%) and peroxide
value (31.65%) in olive oil, relative to the control, were associated
with the combined soil and foliar application of biofertilizer BF1
+BFF, followed by the soil application of biofertilizer with organic
matter BF1, which demonstrated reductions in free acidity (12.5%)
and peroxide value (15.8%) within the second statistical grouping.
The interaction effects of chemical and biological fertilizers on
the quality attributes of “Zard’ olive oil was found to be statistically
significant, as detailed in Table 7. In the Zard cultivar of olive fruit,
the maximal water content, oil content on a fresh weight basis, and
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TABLE 6 The simple and interactive effects of chemical and biological fertilizers on the fruit characteristics of olive trees (Olea europaea L., cv. ‘Zard’).

Fruit diameter
(mm)

Fruit

Treatment length (mm)

Fruit flesh
thickness (mm)

Fruit fresh
weight (g)

Fruit dry

Fruit yield (kg

weight (g) per tree)

I- Chemical fertilizers

CF100 (control) 2842 +2.53a 21.68 + 2.14a 4.69 + 0.42a 452 +021a 2.30 £ 0.12a 45.17 + 3.26a
CF75 26.15 + 2.48ab 19.72 + 2.08ab 427 +0.39a 4.29 + 0.20ab 2.14 + 0.12ab 39.62 + 2.64a
CF50 2231 + 2.71b 16.85 + 1.46b 4.03 +0.27a 4.08 + 0.19b 2.05 + 0.10b 30.18 + 2.09b
E. test - - ns - . .

II- Biological fertilizers

BFO (control) 21.23 £ 2.15b 14.63 £ 1.21c 3.74 £ 0.25¢ 3.52 + 0.23¢ 1.67 £ 0.14c 31.36 + 2.78¢
BF1 26.12 + 2.48a 19.81 + 1.74b 4.31 £ 0.31b 422 £021b 2.15 + 0.20b 38.53 + 3.06b
BF1+BFF 29.53 +2.73a 23.82 + 2.15a 494 £ 0.32a 5.14 + 0.32a 2.66 + 0.21a 45.09 + 3.32a
E. test - - o - o -
Interaction

CF100+BF0 (Control) | 24.15 * 2.15bc 17.26 + 1.43cd 4.13 £ 0.30c 3.87 +0.19¢ 1.85 + 0.14c 39.13 + 2.95b
CF100+BF1 29.30 + 2.48a 22.94 + 2.02ab 4.69 + 0.31ab 4.31 £ 0.24b 2.17 £ 0.21bc 46.70 + 3.54a
CF100+ BF1+BFF 31.80 + 3.02a 24.84 + 2.18a 5.26 + 0.39a 5.37 + 0.36a 2.88 +0.22a 49.69 + 3.61a
CF75+BF0 2146 + 2.11cd 14.25 + 1.23e 3.83 + 0.25¢ 3.49 +0.18d 1.68 + 0.13d 33.40 + 2.81c
CF75+BF1 26.91 + 2.35ab 20.06 + 1.61bc 4.07 £ 0.28¢ 4.29 +0.23b 2.12 +0.19b 39.15 + 3.02b
CF75+ BF1+BFF 30.08 + 2.81a 24.85 + 2.09a 491 £ 0.34a 5.08 + 0.29a 2.61 +0.23a 46.31 £ 3.57a
CF50+BF0 18.07 + 1.60d 12.37 £ L.13e 3.27 +0.20d 3.21 +0.16d 1.49 + 0.12d 21.54 +2.38d
CF50+BF1 22.14 £ 2.01c 16.43 + 1.34d 4.17 + 0.27bc 4.05 + 0.22bc 2.15 + 0.20bc 29.75 + 2.43¢
CF50+ BF1+BFF 26.71 + 2.27ab 21.76 + 1.88ab 4.65 + 0.29ab 497 +0.28a 2.50 + 0.22ab 39.26 + 2.91b
E. test . - - - . -

The data are presented as the main effect means with their corresponding Standard Error (SE). Within the same column, means annotated with identical letters do not exhibit statistically
significant differences as determined by the Least Significant Difference (LSD) test. Bold text: Significance levels are denoted by * (P < 0.05) and ** (P < 0.01) based on the F-test; ‘ns’ indicates a
non-significant result. Chemical Fertilizer Application (CF), was tested at three levels, 100% (CF100), 75% (CF75), and 50% (CF50) of the fertilizer requirement as determined by soil testing. This
was coupled with foliar applications of a balanced 20-20-20 NPK fertilizer enriched with micronutrients. Biological Fertilizer Application (BF), also comprised three levels: BFO (control), where
trees received only soil-applied organic fertilizer without biological agents; BF1, which included a soil application of an organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria Bacillus
subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and amino acids; and BF1+BFF, where trees were treated with both soil and foliar applications of the aforementioned

bacterial species, fulvic acid, and amino acids.

oil content on a dry weight basis were recorded in the treatment
group CF100+BFI1+BFF. These values showed an increase of
12.31%, 12.14%, and 14.01%, respectively, in comparison to the
control group CF100+BF0. The data in Table 7 reveal that the
treatments CF100+BF1+BFF, CF75+BF1+BFF, CF100+BF1, and
CF50+BF1+BFF, all within the same statistical category, exhibited
the highest increases in fruit water content in the fresh fruit weight,
and oil content in both the fresh and dry fruit weights, compared to
the control. Conversely, the lowest levels of free acidity and peroxide
value in the Zard’ olive oil were recorded for the treatments CF100
+ BFI+BFF (by 28.42% and 36.91%) and CF75+ BF1+BFF (by
37.31% and 35.11%), with the treatment CF50+BF1+BFF following
closely. These findings underscore the beneficial influence of foliar
biofertilizer application in tandem with chemical fertilizers in
diminishing the free acidity and peroxide values in ‘Zard’ olive oil.

The application of chemical fertilizers has been observed to
significantly influence the K,43 and AK as the oxidative properties of
Zard olive oil cultivar (Table 8). The K,ss value decreased
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significantly when the chemical fertilizer was reduced to 75%
(CF75) and 50% (CF50) of the control amount (CF100), with
changes of -9.26% and -18.52%, respectively. In a similar trend,
these treatments markedly lowered the oxidative parameter AK for
the Zard olive oil cultivar by 94.11% and 235.29%, respectively,
when contrasted with the control treatment CF100.

The application of biological fertilizers, in conjunction with
organic matter and foliar biofertilizer application, significantly
altered all oxidative parameters of Zard cultivar olive oil, with the
exception of the oxidative characteristic AK, at a 1% statistical
significance level. The K, value showed a significant decrease with
the combined soil and foliar application of biofertilizer BF1+BFF
(BF1+BFF), with a change of -14.65% compared to the control
(BFO0). K332, Ky62, Kags, and K74 values also decreased significantly
with the application of BF1+BFF, with changes of -14.01%, -7.86%,
-12.56%, and -10.87%, respectively.

The interaction between chemical and biological fertilizers
significantly affects the oxidative parameters of Zard cultivar olive
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TABLE 7 The simple and interactive effects of chemical and biological fertilizers on the olive oil quality of ‘zard’ olive trees (Olea europaea L., cv. ‘Zard’).

Treatment
I- Chemi- Water Content Oil Content Oil Content Free Peroxide Value
cal fertilizers (% of Fresh Weight) (% of Fresh Weight) (% of Dry Weight) Acidity (%) (Meq O,
kg/Oil)
CF100 (control) 51.70 + 3.10a 23.68 + 1.02a 45.98 + 2.50a 0.58 + 0.03a 3.92 + 0.19b
CF75 50.10 + 3.03a 23.16 + 0.97a 4519 + 2.41a 0.54 + 0.02a 3.67  0.17b
CF50 48.86 + 2.30a 22.29 + 0.93a 44.41 + 222 0.54 + 0.02a 4.38 + 0.24a
F. test ns ns ns ns >
II- Biological fertilizers
BFO (control) 47.31 +2.22b 21.57 + 0.86b 42.66 + 2.00b 0.64 + 0.03a 4.74 + 027
BF1 50.75 + 3.15ab 22.93 + 0.89a 45.48 + 2.55ab 0.56 + 0.03b 3.99 + 0.20b
BF1+BFF 52.60 + 3.02a 24.64 + 1.16a 47.44 + 2.68a 0.46 + 0.02¢ 3.24 + 0.12¢
E. test - - - - -
Interaction
CF100+BF0 (Control) 48.92 + 2.33bc 2256 + 0.87cd 42,63 + 2.02bc 0.67 + 0.03a 4.85 + 0.29a
CF100+BF1 51.27 + 3.13abc 23.19 + 0.92bc 46.72 + 2.70abc 0.59 + 0.03b 3.85 + 0.19¢
CF100+ BF1+BFF 54.92 + 3.00a 25.30 + 1.13a 48.60 + 2.81a 0.48 + 0.02d 3.06 + 0.11e
CF75+BF0 47.02 + 2.13bc 21.74 + 0.77de 43.05 + 2.11bc 0.64 = 0.03a 4.06 + 0.21bc
CF75+BF1 51.13 + 3.06abc 22.98 + 0.80bc 45.39 + 2.54abc 0.57 + 0.03bc 3.81 + 0.18cd
CF75+ BF1+BFF 52.16 + 3.04ab 24.76 + 1.18ab 47.13 + 2.61ab 0.42 + 0.02¢ 3.15 + 0.12¢
CF50+BF0 46.00 + 2.45¢ 20.40 + 0.74e 42.30 + 2.01c 0.61 + 0.03b 532+ 0.33a
CF50+BF1 49.85 + 2.29abc 22.61 * 0.96cd 44.33 + 2.20abc 0.53 + 0.02¢ 431 % 0.23b
CF50+ BF1+BFF 50.72 + 2.85abc 23.85 + 0.99abc 46.60 + 2.66abc 0.49 + 0.02d 3.52 + 0.15d
E. test - - " - -

The data are presented as the main effect means with their corresponding Standard Error (SE). Within the same column, means annotated with identical letters do not exhibit statistically
significant differences as determined by the Least Significant Difference (LSD) test. Bold text: Significance levels are denoted by * (P < 0.05) and ** (P < 0.01) based on the F-test; ‘ns’ indicates a
non-significant result. Chemical Fertilizer Application (CF), was tested at three levels, 100% (CF100), 75% (CF75), and 50% (CF50) of the fertilizer requirement as determined by soil testing. This
was coupled with foliar applications of a balanced 20-20-20 NPK fertilizer enriched with micronutrients. Biological Fertilizer Application (BF), also comprised three levels: BFO (control), where
trees received only soil-applied organic fertilizer without biological agents; BF1, which included a soil application of an organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria Bacillus
subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and amino acids; and BF1+BFF, where trees were treated with both soil and foliar applications of the aforementioned

bacterial species, fulvic acid, and amino acids.

oil, as illustrated in Table 8. The treatments combining 75% chemical
fertilizer with biofertilizer (CF75+BF1+BFF), 50% chemical fertilizer
with biofertilizer (CF50+BF1+BFF), and 100% chemical fertilizer
with biofertilizer (CF100+BF1+BFF) were associated with the
lowest levels of oxidative characteristics, namely Ky, K32, Koeo
and K74, when compared to the control treatment (CF100+BFO).
Specifically, the full chemical fertilizer combined with both soil and
foliar application of biofertilizer (CF100+BF1+BFF) resulted in a
significant reduction in K,;, by -12.54% relative to the control.
Moreover, the 75% chemical fertilizer blend with biofertilizer
(CF75+BF1+BFF) exhibited the most substantial decrease in Kjs,,
at -16.95%. Notably, the 50% chemical fertilizer mix with biofertilizer
(CF50+BF1+BFF) led to the most pronounced reduction in AK, at
-208.70%. These findings underscore the positive impact of foliar
biofertilizer application in tandem with chemical fertilizers on
reducing the oxidative characteristics of Zard cultivar olive oil.
Additionally, the treatments CF50+BF1+BFF and CF50+BF0
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corresponded to the lowest oxidative characteristic values for Kygs
and AK, respectively. This emphasizes the beneficial effects of foliar
biofertilizer application, both independently and in combination with
chemical fertilizers, on diminishing the free acidity and peroxide
value of Zard cultivar olive oil.

The reduction in chemical fertilizer application from 100%
(CF100) to 50% (CF50) led to a decrease in palmitic acid (C16:0)
by approximately 11.7% (Table 9). This suggests that a lower
chemical fertilizer input can effectively reduce the palmitic acid
content in olive oil, potentially contributing to a healthier oil profile.

The use of biological fertilizers (BF1+BFF) resulted in a
significant decrease in Palmitic Acid (C16:0) by about 27.2%
compared to the control (BF0) (Table 9). This indicates that
biological fertilizers can play a crucial role in altering the fatty
acid composition towards a healthier profile.

The combined treatment of 75% chemical fertilizer and
biological fertilizers (CF75+BF1+BFF) resulted in the most
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TABLE 8 The simple and interactive effects of chemical and biological fertilizers on oxidation parameters (K»70, K232, K262, K26s, K274 and AK) in ‘Zard’

olive oil (Olea europaea L., cv. 'Zard’).

Treatment K27o K232 K252 K268 K274 AK

|- Chemical fertilizers

CF100 (control) 0.183 + 0.008a 1.744 + 0.07a 0.223 + 0.009a 0.216 + 0.010a 0.174 £ 0.007a 0.017 + 0.0010a
CF75 0.182 + 0.007a 1.650 + 0.06a 0.221 + 0.009a 0.196 + 0.008b 0.168 + 0.006a 0.001 + 0.0003b
CF50 0.190 + 0.009a 1.743 + 0.07a 0.216 + 0.008a 0.176 + 0.007¢ 0.181 * 0.007a -0.023 + 0.0012¢
F. test ns ns ns il ns il

II- Biological fertilizers

BFO (control) 0.198 + 0.010a 1.847 + 0.07a 0.229 + 0.010a 0.207 + 0.008a 0.184 + 0.007a 0.0001 + 0.0000b
BF1 0.187 + 0.008a 1.703 + 0.07b 0.220 + 0.008a 0.200 + 0.009a 0.176 + 0.006a 0.0020 + 0.0004a
BF1+BFF 0.169 + 0.006b 1.588 + 0.05¢ 0.211 + 0.006b 0.181 + 0.008b 0.164 + 0.005b -0.0060 + 0.0008c
F. test ot ot ot ok ot .

Interaction

CF100+BF0 (Control) 0.192 + 0.009ab 1.852 + 0.08ab

0.229 + 0.010ab

0.228 £ 0.011a 0.181 + 0.007ab 0.0230 + 0.0011a

0.224 + 0.008ab

0.217 + 0.007bcd

0.234 + 0.009a

0.221 + 0.007abc

0.207 + 0.006d

0.224 + 0.006ab

0.214 + 0.006bcd

0.209 + 0.006¢cd

0.221 £ 0.009a

0.198 + 0.008bc

0.214 + 0.008ab

0.193 + 0.008¢

0.181 + 0.007d

0.178 + 0.006d

0.185 + 0.007cd

0.164 + 0.006e

ok

0.180 + 0.007ab

0.162 + 0.005¢

0.179 £ 0.006ab

0.166 + 0.005¢

0.160 + 0.005¢

0.191 + 0.008a

0.182 + 0.007ab

0.169 + 0.006bc

ok

0.0190 + 0.0008a
0.0085 + 0.0009b
0.0075 + 0.0008b
-0.0005 + 0.0000c
-0.0025 + 0.0003d
-0.0295 + 0.0015g
-0.0130 + 0.0006e

-0.0250 + 0.0012f

*%

CF100+BF1 0.186 + 0.009bcd 1.761 + 0.07b

CF100+ BF1+BFF 0.171 + 0.007de 1.620 + 0.06e

CF75+BF0 0.197 + 0.010ab 1.738 + 0.06¢

CF75+BF1 0.184 + 0.008cd 1.675 + 0.06d

CF75+ BF1+BFF 0.164 + 0.006e 1.538 + 0.06g

CF50+BF0 0.206 + 0.010a 1.952 + 0.08a

CF50+BF1 0.191 + 0.008abc 1.673 + 0.06d

CF50+ BF1+BFF 0.173 + 0.007de 1.605 + 0.05f

F. test * bl il
Extra virgin classification <0.22 <2.5

<0.22 <0.01

The data are presented as the main effect means with their corresponding Standard Error (SE). Within the same column, means annotated with identical letters do not exhibit statistically
significant differences as determined by the Least Significant Difference (LSD) test. Bold text: Significance levels are denoted by * (P < 0.05) and ** (P < 0.01) based on the F-test; ‘ns’ indicates a
non-significant result. Chemical Fertilizer Application (CF), was tested at three levels, 100% (CF100), 75% (CF75), and 50% (CF50) of the fertilizer requirement as determined by soil testing. This
was coupled with foliar applications of a balanced 20-20-20 NPK fertilizer enriched with micronutrients. Biological Fertilizer Application (BF), also comprised three levels: BFO (control), where
trees received only soil-applied organic fertilizer without biological agents; BF1, which included a soil application of an organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria Bacillus
subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and amino acids; and BF1+BFF, where trees were treated with both soil and foliar applications of the aforementioned

bacterial species, fulvic acid, and amino acids.

significant decrease in stearic acid (C18:0) by 19.1%, arachidic acid
(C20:0) by 13.1%, palmitoleic acid (C16:1c9) by 21.9%, and linoleic
acid (C18:2¢9¢12) by 33.8% (Table 9). The interaction effect of this
combined treatment showed the most pronounced effects on the
fatty acid profile. Specifically, this treatment led to the highest
increase in eicosenoic acid (C20:1c11) by 30.7% and oleic acid
(C18:1¢9) by 19.0%, as well as the largest decrease in o.-Linolenic
Acid (C18:3¢5¢9¢12) by 41.6% compared to the control (CF100
+BF0). These changes are particularly noteworthy as they suggest
that a synergistic effect of both fertilizer types can optimize the fatty
acid composition for improved oil quality.

Most leaf nutrients (N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, B) show
strong positive correlations with various fruit characteristics such as
fruit length, diameter, flesh thickness, fresh weight, dry weight, and
yield. This suggests that higher nutrient content is associated with
larger and heavier fruits (Table 10). There is a very strong positive
correlation between all nutrients and fruit length, especially with
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Phosphorus (P) at 0.987**. Both fresh and dry weights of fruits have
very strong positive correlations with all nutrients, particularly with
Sulfur (S) for fresh weight (0.986**) and Phosphorus (P) for dry
weight (0.974**). High positive correlations suggest that nutrients
are important for the water content in fruits. Both in fresh and dry
weight, there is a strong positive correlation with all nutrients,
highlighting the importance of nutrients for oil content in fruits.
The oil quality parameters such as free acidity and peroxide value
show a strong negative correlation with all nutrients, indicating that
higher nutrient content may be associated with lower acidity and
peroxide value, which are desirable traits. Ky70, Ky32, Ki74
parameters, which are related to oil quality, show strong negative
correlations with nutrients, suggesting that higher nutrient content
might improve oil quality. The correlations vary, with some fatty
acids like Oleic acid showing a positive correlation with nutrients,
while others like Linoleic acid show a negative correlation. Certain
nutrients like Boron (B) show a unique pattern of correlation, with a
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TABLE 9 Simple and interactive effects of chemical and biological fertilizers on major fatty acid concentrations (% of total fatty acids) in ‘Zard’ olive oil (Olea europaea L.).

Palmitic Stearic Arachidic Palmitoleic Eicosenoic Linoleic a-linolenic

U (C16:0) (C18:0) (C20:0) (C16:1c9) (C20:1c11) (C18:2c9c12) C18:3¢5¢9c12)

|- Chemical fertilizers

CF100 (control) 13.01 + 0.70a 2.72 +0.13a 0.464 + 0.015a 0.816 + 0.031a 73.96 + 3.20a 0.258 + 0.013a 6.675 £ 0.27a 0.816 + 0.032a
CF75 12.30 + 0.63a 2.57 £0.12a 0.441 + 0.014a 0.812 + 0.030a 77.62 £ 3.51a 0.275 + 0.014a 6.202 + 0.26a 0.735 + 0.024b
CF50 11.49 + 0.55b 2.61 £0.13a 0.446 + 0.015a 0.806 + 0.030a 74.00 + 3.352 0.262 + 0.013a 6.457 + 0.27a 0.731 + 0.023b
F. test i ns ns ns ns ns ns il

I1- Biological fertilizers

BFO (control) 14.28 + 0.73a 2.87 + 0.14a 0.466 + 0.017a 0.882 + 0.034a 70.77 + 3.14b 0.243 + 0.012a 7.204 + 0.28a 0.912 + 0.034a
BF1 12.05 + 0.61b 2.57 £ 0.12b 0.450 + 0.015a 0.810 + 0.031b 75.05 + 3.36ab 0.265 + 0.013a 6.650 + 0.27b 0.734 + 0.023b
BF1+BFF 10.46 + 0.55¢ 2.46 +0.12b 0.436 + 0.014a 0.741 £ 0.026¢ 79.77 + 3.60a 0.286 + 0.014a 5.480 + 0.23c 0.636 + 0.021c
F. test ot ot ns o - ns o -
Interaction

CF100

+BF0 (Control) 15.37 + 0.84a 298 +0.14a 0.498 + 0.017a 0.917 + 0.038a 68.35 + 2.86¢ 0.225 + 0.011d 7.931 £ 0.29a 0.995 + 0.037a
CF100+BF1 12.15 + 0.62bc 2.71 £ 0.13ab 0.461 + 0.016ab 0.814 + 0.031b 74.12 + 3.11bc 0.267 + 0.013abc 6.843 + 0.26b 0.739 + 0.024c
CF100+ BF1+BFF 11.50 + 0.55¢ 2.47 + 0.12bc 0.433 + 0.014b 0.716 + 0.025¢ 79.40 + 3.55ab 0.281 + 0.013a 5.251 + 0.22d 0.713 + 0.021c
CF75+BF0 14.78 + 0.78a 2.82 +0.13a 0.447 + 0.016b 0.865 + 0.037ab 74.35 + 3.22bc 0.261 + 0.012bc 6.930 + 0.27b 0.892 + 0.032b
CF75+BF1 11.91 + 0.59bc 2.48 + 0.12bc 0.442 + 0.015b 0.813 £ 0.031bc 77.12 £ 3.61ab 0.269 + 0.012ab 6.490 + 0.25bc 0.731 + 0.023c
CF75+ BF1+BFF 10.21 + 0.52d 241 £0.11c 0.435 + 0.014b 0.759 + 0.026¢ 81.40 + 3.74a 0.294 + 0.014a 5.187 + 0.22d 0.582 +0.019d
CF50+BF0 12.70 + 0.67b 2.82 +0.13a 0.453 + 0.016b 0.864 + 0.036ab 69.60 + 2.75¢ 0.243 £ 0.011cd 6.750 + 0.26b 0.849 + 0.028b
CF50+BF1 12.10 + 0.61bc 2.51 + 0.12bc 0.446 + 0.015b 0.804 + 0.030bcd 73.90 + 3.03bc 0.259 + 0.012bc 6.618 + 0.26b 0.733 + 0.023¢
CF50+ BF1+BFF 9.67 + 0.47d 2.49 + 0.12bc 0.439 + 0.014b 0.749 + 0.025de 78.50 + 3.64ab 0.284 + 0.013ab 6.003 + 0.24c 0.612 + 0.020d
E. test ot ot * ok o - o -

The data are presented as the main effect means with their corresponding Standard Error (SE). Within the same column, means annotated with identical letters do not exhibit statistically significant differences as determined by the Least Significant Difference (LSD) test.
Bold text: Significance levels are denoted by * (P < 0.05) and ** (P < 0.01) based on the F-test; ‘ns’ indicates a non-significant result. Chemical Fertilizer Application (CF), was tested at three levels, 100% (CF100), 75% (CF75), and 50% (CF50) of the fertilizer requirement as
determined by soil testing. This was coupled with foliar applications of a balanced 20-20-20 NPK fertilizer enriched with micronutrients. Biological Fertilizer Application (BF), also comprised three levels: BFO (control), where trees received only soil-applied organic fertilizer
without biological agents; BF1, which included a soil application of an organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria Bacillus subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and amino acids; and BF1+BFF, where trees were
treated with both soil and foliar applications of the aforementioned bacterial species, fulvic acid, and amino acids.
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TABLE 10 The correlation between leaf nutrient content and different fruit characteristics.

Fruit characteristics \| P K Ca Mg S Fe Mn Zn Cu B

Fruit length (mm) 0912 0987 | 0949 | 0959 | 0.806% | 0977 0948 | 0.977** | 0958 | 0812  0.653*
Fruit diameter (mm) 0.8337 | 0.953* | 0.893** 0921 | 0722  0934* | 0.892* | 0940 | 0935% 0775 | 0.699*
Fruit flesh thickness (mm) 0.693* 0.859** 0.759** 0.841** 0.559* 0.814** 0.827** 0.881** 0.871** 0.748** 0.825**
Fruit fresh weight (g) 0.678* 0833 | 07407  0.846* | 0.543* 07897 0.821** | 0.866**  0.834" 0688 | 0.802**
Fruit dry weight (g) 0962 0.974™ | 0960 | 0938 | 0.896% | 0986 0944 | 0977 | 0977 | 0861  0.606*
Fruit yield (kg tree™) 0812  0.898 0831 | 0923 | 0713 | 0.888  0.888 | 0937 0923 | 0.771% | 0.762**
Water Content in fresh weight (%) = 0.817* 0919 | 0.861**  0.940* | 0.667* 0.889%  0.925% | 0926  0.874** 0702 | 0.665*
Fruit oil content in fresh

weight (%) 0.799% 0906 | 0.841"* | 0.885% | 0.689* 0.877*% 0889 | 0.941%  0922%* | 0.794% | 0.791**
Fruit oil content in dry weight (%) = 0733 0.880** | 0.805**  0.905** | 0.607* 0.849°  0.843** | 0.879*  0.827** | 0.661* 0.709%*
Free Acidity (%) -0.334 0.554% | -0.461 ™ -0.537¢ | 0209 | -0489" 0497 ™ | -0.579* | -0.532*  -0.404" | -0.741%*
Peroxide Value (Meq O, kg/Oil) S0.743% | -0.843* | -0.816"* | -0.800% | -0.715% | -0.812**  -0.790** | -0.867**  -0.810 | -0.686*  -0.685*
Kazo 20.689% | -0.847%% | -0.771%* | -0.770° | -0.598%  -0.804** | -0.777°* | -0.864 | -0.868  -0.757** | -0.806**
Koz, -0.524*  -0.660* | -0.631* | -0.586*  -0.545* | -0.606*  -0.586* | -0.692*  -0.650* | -0.492™ | -0.606*
Kae S0.110™ <0382 | -0.254™ | -0.353" | 0.001™ | -0305™  -0296™ | -0.380™  -0.389™ | -0.228™  -0.608*
Kaes 0423™  0139™  0272™ 0167 | 0515™ | 0233 0211 | 0.149™  0.156™  0.165™ | -0.341™
Koz 207247 -0.842° | -0.809° | -0.722° | -0.641% | -0.789%*  -0.788** | -0.850*  -0.815** | -0.761** | -0.713**
AK 0734  0.500% 0.616* 0491 ™ 0.791% | 0.577* 0.548* 0514™ | 0515™  0470™ | -0.046 ™
Palmitic (C16:0) 20.155™  -0442™ | 0315 | -0422"  -0.045™ | -0.368™  -0.331"™ | -0405"™  -0391™ | -0.239™ | -0.563*
Stearic (C18:0) S0.312™ -0.526° | -0467™  -0497™ | -0238™ | -0446™ 0459 ™  -0513™  -0430™ 0241 | -0.489 ™
Arachidic (C20:0) 20.101™ <0273 ™ -0.237"™  -0.282" | -0.048™ | -0205"™  -0235™  -0286™ -0.151™  -0.087™ | -0.427 ™
Palmitoleic (C16:1c9) 0.435™ | -0.643 | -0.537* | -0.687* | -0300" | -0583*  -0.618* | -0.665*  -0.591* | -0.455" | -0.731**
Oleic (C18:1c9) 0.542* 0.699%* | 0.662* 0.629* 0500 ™ | 0.644* 0.622* 0711 0.644* 0.541* 0.667*
Eicosenoic (C20:1c11) 0459 ™ 0.633* 0.587* 0.588* 0429 ™ | 0.584* | 0.538* 0.636* 0.571 0450 ™ | 0.628"
Linoleic (C18:2¢9¢12) 0399 ™ -0.586* | -0510™ | -0.585¢  -0.239™ | -0.528*  -0.561* | -0.617¢ | -0.525%  -0474™ | -0.779**
a-linolenic C18:3¢5¢9¢12) 20.268™  -0.513™ | -0428™ | -0479™ | -0210™ 0448 ™  -0394™ | -0486™  -0451™ | -0.267™ @ -0.541*

ns

*, ** significant in 5 and 1% statistical levels respectively ™ not significant.
strong positive correlation with fruit oil content in fresh weight  eigenvalues above 1, and the accumulated variance accounted for
(0.791**) but a strong negative correlation with free  93.5% (Table 11). PCI explains a substantial 70.4% of the variance.
acidity (-0.741**). The dominant traits in this component are related to fruit
characteristics, specifically, specifically, fruit flesh thickness
(0.193), fruit fresh weight (0.191) and fruit oil content in fresh
Principal component analysis weight (0.193). PC2, accounting for 19.8% of the explained
variance, is primarily associated with oil quality characteristics,
The Principal Component Analysis (PCA) presented in  particularly, K268 (0.357) and AK (0.355). 2. PC3, contributing
Table 11 for the olive (Olea europaea cv. Zard’) reveals several — 3.3% of the variance, highlights specific traits such as leaf B (0.436),
important coefficients across the three main components (PC1,  Cu (0.284) concentration and Arachidic acid (C20:0) concentration
PC2, and PC3). These components represent the relationships  (0.347). These loadings in PC3 suggest a unique variance explained
between different variables related to leaf nutrient concentration, by these components. Overall, the PCA provides a comprehensive
fruit characteristics, and oil quality characteristics. The coefficients =~ understanding of the interrelationships among various traits of the
indicate the strength and direction of the relationship between the =~ “Zard’ olive cultivar. Notably, the first component (PC1) plays the
variables and the principal components. Positive coefficients suggest ~ most influential role in explaining the observed variability.
a direct relationship, while negative coefficients imply an inverse The scatter plot graph illustrates the relationship between two
relationship. The analysis yielded three principal components with  principal components, which are typically derived from a larger
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TABLE 11 Principal component analysis and coefficients of variables in 3
main components for determined characteristics of olive (Olea europaea
cv. ‘Zard’).

Variable PC1 PC2 PC3
Leaf nutrient concentration
N 0.158 0.218 -0.103
P 0.182 0.129 0.011
K 0.171 0.164 -0.147
Ca 0.176 0.124 0.023
Mg 0.133 0.23 -0.32
S 0.176 0.16 -0.005
Fe 0.174 0.15 0.054
Mn 0.185 0.13 0.035
Zn 0.176 0.146 0.165
Cu 0.151 0.156 0.284
B 0.152 -0.048 0.436
Fruit characteristics
Fruit length (mm) 0.189 0.1 0.008
Fruit diameter (mm) 0.192 0.047 0.065
Fruit flesh thickness (mm) 0.193 -0.031 0.16
Fruit fresh weight (g) 0.191 -0.04 0.124
Fruit dry weight (g) 0.175 0.171 0
Fruit yield (kg tree™) 0.188 0.057 0.108
Water Content in fresh weight (%) 0.187 0.043 0.046
Fruit oil content in fresh weight (%) 0.193 0.029 0.1
Fruit oil content in dry weight (%) 0.192 -0.025 -0.021
Oil quality characteristics
Free Acidity (%) -0.161 0.202 -0.071
Peroxide Value (meq O, kg/Oil) -0.189 0.02 0.217
K70 -0.191 0.036 -0.101
Kasa 0.17 0.102 0.213
Kaea -0.129 0.239 0222
Kaes -0.038 0.357 0158
Ko7a -0.182 0.016 0.076
AK 0.041 0.355 -0.145
Palmitic (C16:0) -0.136 0.245 -0.069
Stearic (C18:0) -0.152 0.207 0.188
Arachidic (C20:0) -0.107 0.252 0.347
Palmitoleic (C16:1¢9) -0.171 0.163 0.008
Oleic (C18:1¢9) 0.177 -0.125 -0.228
Eicosenoic (C20:1¢11) 0.167 -0.156 -0.248
(Continued)
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TABLE 11 Continued

Variable PC1 PC2 PC3
Oil quality characteristics

Linoleic (C18:2¢9¢12) -0.16 0.182 0.019
a-linolenic C18:3¢5¢9¢12) -0.15 0.22 0.096
Eigenvalues 25.344 7.133 1.191
Explained variance (%) 0.704 0.198 0.033
Accumulated variance (%) 0.704 0.902 0.935
Selection criterion (SC) 0.099 0.187 0.458

Values in boldface are dominant in the PC loadings by setting the level of significance defined
according to the selection criterion (SC=0.5/\ Eigenvalues). According to the SC, the boldface
coefficients in the table are considered dominant in the PC loadings. This means that the traits
associated with these coefficients are significantly related to the respective
principal components.

dataset spanning four years. These components serve to reduce
dimensionality while still capturing the most variance. In this
context, the graph provides an overview of the impacts of
different treatments on the quantitative and qualitative yield of
“Zard’ olive trees (Figure 1). Upon analyzing the PCA scores, a clear
distinction emerges among the treatments. First Principal
Component (PC1) explains approximately 70.4% of the variance.
Notably, the fruit yield and characteristics such as fruit flesh
thickness, fruit fresh weight, and fruit oil content are associated
with specific treatments: from CF100+BF1+BFF followed by CF75
+BF1+BFF and CF50+BF1+BFF in the right to CF50+BF0
treatment at the left of the score plot (Figure 1). Second Principal
Component (PC2) is primarily related to oil quality characteristics.
Specificall Kyss and AK. Based on the first principal components
(PCl1), the optimal treatments for enhancing fruit characteristics
(specifically fruit flesh thickness, fruit fresh weight, and fruit oil
content) and fruit yield in ‘“Zard’ olive trees were CF100+ BF1+BFF,
CF75+BF1+BFF and CF50+BF1+BFF, respectively. Regarding the
second principal components (PC2), which primarily relate to oil
quality characteristics, specifically parameters K268 and AK, the
best treatment options were CF50+BF1+BFF and CF50+BFl1,
respectively. So, the best treatments for both enhancing fruit and
oil quality characteristics could be CF75+BF1+BFF and CF50+BF1
+BFF, respectively.

Discussion

Optimal growth conditions for olive trees are typically sandy,
nutrient-rich substrates that allow for deep root penetration
(Ozturk et al., 2021). Analytical soil assessments indicate that the
soil at the research site is calcareous, exhibiting moderate salinity
levels and alkaline pH. The soil profile is marked by deficient
concentrations of both macro- and micronutrients, as well as
organic carbon. In such calcareous soils, the bioavailability of
essential nutrients like Mn, Fe, Zn, Ca, Mg, K, and P is
compromised, especially when organic matter content is low,
which adversely affects olive trees (Chatzistathis et al., 2010).
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FIGURE 1

Principal component analysis (PCA) of the impacts of different treatments (Score plot) on discriminations of different determined characteristics of
olive (Olea europaea cv. 'Zard’). First principle components PC1 explain 70.4% and Second component PC2 explain 19.8% of the variance and
distributed reproductive characteristics. Chemical Fertilizer Application (CF), was tested at three levels, 100% (CF100), 75% (CF75), and 50% (CF50) of
the fertilizer requirement as determined by soil testing. This was coupled with foliar applications of a balanced 20-20-20 NPK fertilizer enriched with
micronutrients. Biological Fertilizer Application (BF), also comprised three levels: BFO (control), where trees received only soil-applied organic
fertilizer without biological agents; BF1, which included a soil application of an organic fertilizer mix, mycorrhizal fungi, and the beneficial bacteria
Bacillus subtilis and Pseudomonas fluorescens, supplemented with fulvic acid and amino acids; and BF1+BFF, where trees were treated with both
soil and foliar applications of the aforementioned bacterial species, fulvic acid, and amino acids.

Furthermore, an elevation in soil pH and lime content has been
correlated with a considerable decline in fruit set percentage and
overall yield in olive cultivations (Noori et al., 2015).

The simple effects of biological fertilizers factor revealed that the
soil application of a composite organic fertilizer, mycorrhizae, and
the bacteria Bacillus subtilis and Pseudomonas fluorescens,
supplemented with fulvic acid and amino acids (BF1) improved
leaf nutrient concentrations, but not to the extent of the CF100
control. This results in line with the results that showed the
employment of plant growth-promoting rhizobacteria,
Pseudomonas putida P159, Pseudomonas fluorescens T17-24,
Bacillus subtilis P96, facilitates access to micronutrients such as
zinc (Zn), iron (Fe), and phosphorus (P) in calcareous soils
(Abbaszadeh-Dahaji et al., 2020). The utilization of
microorganisms capable of solubilizing soil minerals within the
root environment and internally within the plant can directly or
indirectly enhance plant growth and development (Devi et al,
2022). The combined soil application of biological and organic
fertilizers, along with foliar application of Bacillus subtilis and
Pseudomonas fluorescens, fulvic acid, and amino acids (BF1+BFF),
further increased nutrient concentrations, equalling or surpassing
the CF100 control for N and P. this could be due to the application
of amino acids that serving as the primary nitrogen source, are
essential constituents during the initial phase of protein
biosynthesis (Kawade et al., 2023) and can enhance the efficiency
of enzymes involved in the biosynthetic pathway of fatty acids in
olive trees. Amino acids also facilitate the transfer of nutrients
within the trees, contributing to the sizing and coloring of the
produced fruit (Cirillo et al., 2022). In addition to soil application,
foliar spraying of biofertilizers has been found to be a more effective
method for enhancing the nutritional status of olive trees
(Sotiropoulos et al., 2024). Endophytic bacterial species of
Pseudomonas and Bacillus play a pivotal role in increasing the
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leaf nitrogen, phosphorus, potassium, iron, and zinc. Furthermore,
these bacteria are involved in the synthesis of growth stimulants
such as auxin, cytokinin, and gibberellin, and in the secretion of
siderophores, antibiotics, hydrogen cyanide, and volatile organic
compounds (VOCs) (Sivasakthi et al., 2014).

The interaction effects of chemical and biological fertilizers
demonstrated that the highest nutrient concentrations were
observed when chemical fertilizer was combined with biological
fertilizers (CF100+BF1+BFF and CF75+BF1+BFF), suggesting that
an integrated approach to fertilization may be most beneficial for
olive tree nutrition. While chemical fertilizers alone can ensure
adequate nutrient supply, the integration of biological fertilizers can
enhance nutrient uptake and possibly allow for a reduction in
chemical fertilizer use. This is in line with recent studies, such as
those by Sotiropoulos et al. (2024), which emphasize the benefits of
integrating different fertilization strategies to improve olive tree
yield and fruit quality. The combination of Bacillus megaterium,
Saccharomyces cerevisiae, and mineral fertilizers yields a notable
increase in olive trees yield parameters and nutrient content of
leaves and fruits (Fawy and El-Shazly, 2016).

Our experiment demonstrated a strong positive correlation
between leaf nutrient content and various fruit characteristics,
including fruit length, diameter, flesh thickness, fresh weight, dry
weight, and overall yield. Notably, phosphorus (P) exhibited a very
strong positive correlation with fruit length (r = 0.987**) and fruit
dry weight (r = 0.974**). Additionally, sulfur (S) shows a strong
positive correlation with fruit fresh weight (0.986**). These findings
suggest that adequate nutrient management, particularly for
phosphorus and sulfur, is crucial for optimizing fruit
development and yield in olive trees. In calcareous soils, where
phosphorus availability is limited due to stabilization and
absorption processes (Hussein et al., 2022), the use of mycorrhizal
and bacterial strains can enhance phosphorus uptake (Richardson
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et al., 2009; Schillaci et al., 2022). Continuous phosphorus
availability is critical for increasing flowering, fruit formation, and
yield of olive trees (Christopoulou et al., 2021; Haberman et al,
2021; Yuan et al,, 2022). Similarly, sulfur is indispensable for various
biochemical reactions, including the synthesis of sulfur-containing
amino acids, which are vital for protein and enzyme synthesis and
plant oil production. The deficiency of sulfur or nitrogen can
significantly reduce the assimilation efficiency and uptake of other
nutrients, thereby affecting plant yield (Marcelic et al., 2022).

Biological fertilizers alone (BF1) improved oil quality but did
not match the effectiveness of CF100. The combined foliar
application of biostimulants (Bacillus subtilis, Pseudomonas
fluorescens, fulvic acid, and amino acids) with BF1 (BF1+BFF)
yielded fruit characteristics and oil quality comparable to CF100.
This combination resulted in the highest oil content and the best
quality parameters, suggesting a synergistic effect. The application
of biofertilizers, both as soil application and foliar sprays, is
beneficial due to their direct impact on increasing the source and
sink strength in olive trees, elevating leaf nutrient concentrations,
and directing photosynthetic products towards reproductive organs
(Abadi et al, 2020). Research on the effects of PGPB biological
stimulants (Azetobacter crococcum, Bacillus subtilis, Bacillus
megaterium, and their combinations) applied via foliar and soil
methods revealed increases in leaf chlorophyll content,
photosynthesis and transpiration (Efthimiadou et al., 2020). A
study investigating the combined effects of soil-applied ‘Bio
Health’ biological fertilizers, foliar sprays of an amino acid
solution, and boric acid on the nutritional status and performance
of olive trees reported significant improvements in both the
quantitative and qualitative characteristics of olive fruit (Faris and
Abdulqader, 2024). Additionally, the high-quality olive oil
produced by organically cultivated olive trees (Guticrrez et al,
1999) highlights the potential of organic practices, likely including
the use of biological fertilizers and biostimulants, to enhance olive
oil quality.

The interaction effects of chemical and biological fertilizers,
particularly when combined with foliar application of biostimulants
(Bacillus subtilis, Pseudomonas fluorescens, fulvic acid, and amino
acids), significantly enhances fruit characteristics and olive oil
quality. This integrated approach could reduce reliance on
chemical fertilizers, promoting sustainable olive farming.
Application of a biofertilizer (Nostoc muscorum, Anabaena
oryzae, and Spirulina platensis) both as a soil application and
foliar spray, at varying levels of chemical fertilizer application,
resulted in significant improvements growth parameters, mineral
content, flowering, fruit formation, yield, and quality of olive fruit in
olive trees (Mostafa et al., 2016). Also, recent studies, support the
idea that combining organic and bio-fertilization strategies can
enhance nutrient content of leaves, photosynthetic pigments,
flowering, fruit set, fruit traits and oil quality of olive trees (Fawy
and El-Shazly, 2016; Lechhab et al., 2022; Alowaiesh et al., 2023).
Our results reveal that the treatments CF100+BF1+BFF, CF75+BF1
+BFF, CF100+BF1, and CF50+BF1+BFF, all within the same
statistical category, exhibited the highest increases in fruit water
content in the fresh fruit weight, and oil content in both the fresh
and dry fruit weights, compared to the control (CF100+BFO0). The
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application of biofertilizers, especially arbuscular mycorrhizal fungi
(AMF), has been recognized for improving plant water status,
stomatal conductance, leaf relative water content, vegetative
growth and enhancing nutrient uptake efficiency (Aganchich
et al,, 2022; Sharma et al., 2022). Research has also shed light on
the negative impacts of abiotic stress, including water scarcity, on
olive trees. Water stress has been found to affect various
physiological processes such as nutrient uptake, carbon
assimilation, and can lead to reduced flower and fruit setting,
ultimately impacting the dry mass of the fruit and oil
accumulation (Nteve et al.,, 2024; Sanchez-Pifiero et al., 2024).
Our findings emphasizing the potential benefits of combining
chemical and biological fertilizers with biostimulants to achieve
optimal fruit water content, olive oil quality and fruit characteristics
in olive cultivation.

Full dosage of CF (CF100) yielded olive oil with optimal
oxidation parameters and a balanced fatty acid profile, rich in
oleic acid, which is indicative of high-quality oil with good stability.
Reducing CF to 75% (CF75) increased oleic acid content, potentially
enhancing the oil’s nutritional value without compromising
stability. However, a 50% reduction (CF50) altered key stability
indicators (K, and AK), suggesting reduced oil stability, despite
maintaining a favorable fatty acid profile. The absence of
biofertilizer (BF0) resulted in the highest K3, values, indicative of
reduced oil stability and a less desirable fatty acid profile,
characterized by increased palmitic acid and decreased oleic acid
levels. In contrast, the application of biofertilizer alone (BF1)
enhanced both oxidation parameters and fatty acid composition,
evidenced by a reduction in palmitic acid and a rise in oleic acid
levels. The foliar application of biostimulants, comprising Bacillus
subtilis, Pseudomonas fluorescens, fulvic acid, and amino acids, in
conjunction with BF1 (BF1+BFF) yielded the most favorable
oxidation parameters, as demonstrated by the lowest Ky, K3z,
and Kye, values, which signify heightened oil stability, and an
improved fatty acid profile, with the minimal palmitic acid and
maximal oleic acid content among all treatments. The interaction
between CF and BF, particularly when paired with foliar
biostimulants, significantly influences olive oil quality. While CF
alone guarantees sufficient oil stability and an acceptable fatty acid
profile, the incorporation of BF and foliar biostimulants can
culminate in superior oil quality, typified by lower saturated fatty
acids and higher monounsaturated fatty acids. This holistic
approach may diminish the dependence on CF, fostering
sustainable olive cultivation practices. Contemporary studies
implying fertilization techniques, such as bio-chemical fertilizers
and nanobiofertilizers, can amplify nutrient uptake, bolster oil yield
and fatty acid composition, and curtail the environmental footprint
of traditional fertilizers (Morales and Przybylski, 2013; Moradzadeh
et al., 2021; Yadav et al, 2023). These insights corroborate our
findings, underscoring the significance of a comprehensive
fertilization strategy to sustain crop productivity and procure
high-caliber olive oil with optimal oxidation metrics.

In our investigation, certain nutrients such as Boron (B)
exhibited a distinctive correlation pattern, demonstrating a strong

positive correlation with fruit oil content in fresh weight (r
0.791**) but a strong negative correlation with free acidity (r =
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-0.741**). This is corroborated by research indicating that foliar
application of 100 ppm boron sourced from boric acid (33.5% B)
combined with 2% calcium from calcium chloride (21% Ca) twice,
once at full bloom and again 15 days later, emerged as the most
effective treatment for enhancing fruit set, oil content, and oil
quality (Desouky, 2009). Boron treatments have been shown to
increase olive fruit productivity and oil yield, leading to improved
olive oil quality through enhanced fatty acid composition (Toker
and Yavuz, 2015; Vishekaii et al., 2019; El-Motaium and Hashim,
2020). Moreover, foliar application of nano-boron at 20 ppm and
nano-zinc at 200 ppm on Picual olive trees has been identified as the
optimal treatment to achieve the highest final fruit set, resulting in
the harvest of the maximum fruit yield with a high seed oil
percentage and low acidity (Genaidy et al., 2020).

Our experiments indicate that higher nutrient levels generally
correlate with improvements in fruit size, weight, yield, water
content, and oil content. This underscores the importance of
adequate nutrition, particularly Nitrogen (N), Phosphorus (P),
and Potassium (K), for optimal fruit growth. Conversely, negative
correlations with free acidity and peroxide value imply that nutrient
management should also aim to maintain low levels of these
indicators to preserve fruit quality. The differential impact on
various fatty acids suggests that the effects of nutrients may vary
among different fatty acid types, warranting further research into
the role of balanced nutrition in fruit development and quality. Such
insights could inform future agricultural practices for enhanced
crop management.

Principal Component Analysis (PCA) elucidates the pivotal
factors influencing the ‘Zard’ olive cultivar, offering insights to
refine cultivation practices for enhanced yield and quality. The PCA
indicates that leaf nutrient concentration and fruit characteristics,
particularly fruit flesh thickness, fresh weight, and oil content, are
the most significant factors, as reflected by their strong loadings on
PCl1. The subsequent components, PC2 and PC3, underscore
specific oil quality attributes and certain nutrients that, while less
pronounced, remain pertinent.

The variable coefficients associated with the first principal
component (PC1) have revealed a significant correlation between
olive fruit characteristics, namely, fruit flesh thickness, fresh weight,
oil content, and yield, and the nutrient content of the leaves,
emphasizing Mn, P, S, Ca, and Zn. Manganese (Mn) is an essential
micronutrient for plants, playing a pivotal role in soil-plant-
microbial interactions, with its availability being critical for optimal
plant growth and development. Mn serves as a cofactor for several
enzymes imperative for photosynthesis, respiration, and nitrogen
metabolism activation (Thomine and Merlot, 2021). Additionally,
Mn is integral to the enzyme superoxide dismutase, which safeguards
plants from oxidative stress induced by reactive oxygen species. It is
particularly crucial in the water-splitting complex of photosystem II
(PSII) in chloroplasts, with foliar Mn levels ranging from 50 to 150
mg/kg in the youngest mature olive leaves being optimal for PSII
activity (Therios, 2009; Khoshru et al., 2023).

Calcium (Ca), the most abundant element in the shoots of olive
trees, is harvested annually in greater quantities than nitrogen and
potassium, correlating with the yield and pruning of mature trees
(Fernandez-Escobar et al., 2015). Its role in alleviating
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environmental stress is vital, as it influences the absorption of
sugars triggered by sucrose (Lecourieux et al., 2014; Handy et al.,
2017). Sugar signaling acts as a mechanism for plants to assimilate
various internal and external signals, thus maintaining nutrient
homeostasis and modulating stress responses (Li and Sheen, 2016;
Sakr et al., 2018). Desouky (2009) observed that enhancing calcium
levels in olive trees improves the oil content of the fruit. Calcium is
fundamental to fruit growth and development, contributing to
maintaining fruit quality and firmness as a constituent of cell
walls and membranes. A calcium deficiency can result in a
decline in olive quality and yield. Pre-harvest foliar application of
calcium can increase its concentration in the fruit, thereby
improving the quality and phytochemical profile, including
phenolic and bioactive compounds, in olive oil (Gouvinhas and
Barros, 2020). Moreover, Hagagg et al. (2020) demonstrated that
foliar application of a 0.5% calcium solution, either as calcium
chelate or calcium chloride in December, enhances vegetative
growth and boosts the content of iron, zinc, and manganese in
olive trees.

In arid and semi-arid conditions, the accessibility of essential
nutrients like calcium, boron, and zinc to young and meristematic
tissues, particularly reproductive organs, is constrained (Souza et al.,
2019; Wimmer et al,, 2019). Therefore, foliar application of these
nutrients can fulfill the increased demand by the sink (reproductive
meristem organ) and ensure the availability of these elements
during flower bud development.

For PC2, oil quality parameters, notably Kyes and AK, emerge as
influential. Leaf magnesium and nitrogen concentrations, along
with other nutrients (P, K, Ca, S, Fe, Mn, Zn, Cu, B), exhibit a
positive loading in PC2 (0.218) and correlate positively with oil
quality traits (free acidity, peroxide value, Ky70, K232, Kasar Kasss
K74, AK, fatty acid composition). These associations could
potentially diminish the quality of extra virgin olive oil (Erel
et al., 2013; Zipori et al,, 2020). Excessive nitrogen fertilization is
known to degrade olive oil quality, particularly through increased
free fatty acid levels, decreased oleic acid content, and diminished
oxidative stability (Fernandez-Escobar et al., 2006; Dag et al., 2009;
Erel et al, 2013; Pascual et al, 2019). Hence, balanced nitrogen
management is essential for optimizing olive oil quality (Fernandez-
Escobar et al., 2006; Dag et al., 2009). For PC3, the concentration of
boron (B) in leaf nutrients is identified as the most significant trait.

Conclusions

Our study endorses a synergistic fertilization approach that
integrates biological and chemical inputs to augment both the
yield and quality of olive oil, alongside improving the nutritional
profile of olive crops. Utilizing principal component analysis (PCA),
we ascertained the most effective treatments for Zard’ olive trees.
The first principal component (PC1), assessing fruit characteristics
such as flesh thickness, fresh weight, oil content, and overall yield,
pinpointed CF100+BF1+BFF (full chemical fertilizer plus
biofertilizers) and the reduced chemical fertilizer treatments CF75
+BF1+BFF and CF50+BF1+BFF as the most advantageous. The
second principal component (PC2), focusing on oil quality
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indicators like the K268 index and AK values, indicated that a 50%
reduction in chemical fertilizer use, coupled with the application of
biological fertilizers to both soil and foliage (CF50+BF1+BFF),
yielded the most favorable results. A similar reduction in chemical
fertilizers, with exclusive soil application of biological fertilizers
(CF50+BF1), was also found to be effective. Collectively, for
simultaneous improvements in fruit and oil quality, the treatments
CF75+BF1+BFF and CF50+BF1+BFF are advocated, as evidenced by
their placement in the first quadrant of the PCA score plot.
Ultimately, the amalgamation of biological fertilizers with reduced
chemical fertilizers is identified as the most superior and optimal
fertilization method for the Zard cultivar in olive orchards.
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