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Abstract

optimizing fennel productivity in agroecological zones of Pakistan.

Micronutrient Ranking; Pakistan

Calcium

Micronutrient deficiencies, especially zinc (Zn), are widespread in the alluvial soils of Pakistan and severely limit the growth and productivity
of many crops, including fennel (Foeniculum vulgare Mill.). Chelated micronutrients, owing to their enhanced stability and availability, can
significantly improve plant uptake and physiological performance under deficiency stress. This study evaluates and ranks commonly used
chelated micronutrients such as L1 (Control), L2 (Zn-EDTA), L3 (Fe-EDDHA), L4 (Mn-EDTA), L5 (Cu-EDTA), and L6 (B-chelate) based on their
ability to enhance soil micronutrient availability, plant nutrient uptake, growth attributes, and final seed yield of fennel under Zn-deficient
conditions. Results indicate distinct differences in efficiency among chelates, with Zn-EDTA showing superior improvement in Zn uptake and
biomass accumulation, while others like Fe-EDDHA and Mn-EDTA contributed to synergistic effects on growth and reproductive development.
This research provides a practical framework for micronutrient management in micronutrient deficient soils, offering targeted strategies for

Keywords: Chelated Micronutrients; Zinc deficiency; Fennel (Foeniculum vulgare); Soil Fertility; Plant Nutrient Uptake; Growth and Yield;

Abbreviations:Zn: Zinc, EDTA: Ethylenediaminetetraacetic Acid, DTPA: Diethylene Triamine Pentaacetic Acid, EDDHA: Ethylene-bis-oxyethylene
diaminetetraacetic acid, NO, Nitrate, PO,>": Phosphate, Cl: Chloride, Na*: Sodium, Mg®*: Magnesium, K*: Potassium, SO,°: Sulfate, Ca**:

Introduction

Micronutrients, though required in trace quantities, play
indispensable roles in plant physiological processes such as
enzyme activation, photosynthesis, respiration, and synthesis
of essential biomolecules [1]. Among these, zinc (Zn) is a
critical micronutrient involved in auxin synthesis, chlorophyll
formation, carbon metabolism, and pollen development. In many
arid and semi-arid regions, especially in Zn-deficient Pakistani
soils, micronutrient scarcity is a major limiting factor for crop
productivity [2]. Traditional soil applications of inorganic salts
often fail to supply adequate micronutrients due to rapid fixation,
poor solubility, and low mobility in soil profiles. Consequently,
plants suffer from deficiencies manifested as stunted growth,
chlorotic foliage, reduced enzyme activity, impaired reproductive
development, and ultimately, lower yields [3]. Chelation refers
to the process where micronutrient ions form stable complexes

with organic ligands such as ethylenediaminetetraacetic acid
(EDTA), diethylene triamine pentaacetic acid (DTPA), and
ethylene-bis-oxyethylene acid (EDDHA)
[4]. These chelating agents encapsulate the micronutrient ion,
protecting it against precipitation, adsorption, and fixation
reactions that commonly occur in alkaline and calcareous soils
[5]. Chelated forms of Zn, Fe, Mn, Cu, and B are known to remain
soluble and plant-available for longer periods compared to their
inorganic counterparts. This increased availability enhances
root absorption, translocation within the plant, and ultimately
supports key growth processes [6]. In Zn-deficient soils, supplying
Zn as Zn-EDTA has shown consistent improvement in Zn uptake
compared to simple sulfates or oxides [7]. Similarly, Fe-EDDHA,
Mn-EDTA, and other chelated micronutrients are increasingly

diaminetetraacetic

used to correct deficiencies that limit crop performance. However,

JOJ Hortic Arboric 6(3): JOJHA.MS.ID.5556889 (2026)


http://dx.doi.org/10.19080/JOJHA.2026.06.555689
http://juniperpublishers.com
https://juniperpublishers.com/jojha

JOJ Horticulture & Arboriculture

the responsiveness of crops to various chelates can vary based on
soil chemistry, crop species, moisture conditions, and interaction
with other nutrients [8].

Therefore, ranking chelated micronutrients in terms of their
efficacy helps refine fertilizer recommendations and improves
fertilizer use efficiency [9]. Fennel (Foeniculum vulgare Mill.)
is a high-value aromatic and medicinal crop widely cultivated
in Pakistan for its seeds, essential oils, and fiber. Its economic
importance in spices markets and potential health benefits has
increased research interest in optimizing its agronomy [10].
Fennel’s growth stages from vegetative expansion to flowering
and seed set require a balanced supply of micronutrients.
Zn deficiency in fennel is particularly detrimental it disrupts
chlorophyll synthesis, reduces leaf expansion, and lowers
photosynthetic capacity, which translates into reduced seed
yield and oil content [11]. Despite its sensitivity to micronutrient
imbalance, limited research has focused on tailored micronutrient
management strategies for fennel in Zn-deficient soils of Pakistan
[12]. Moreover, while chelated micronutrients are widely
recommended for horticultural crops, systematic evaluations
comparing their relative effectiveness in field conditions remain
sparse [13]. Rationale and Objective of this study is to assess and
rank the relative efficacy of common chelated micronutrients in
enhancing soil nutrient availability and plant uptake. To determine
their effects on biomass development, physiological performance,
and reproductive yield of fennel growing in Zn-deficient soils.
To develop practical nutrient management recommendations
that can increase productivity and resource efficiency for fennel
growers in Pakistan. The present study addresses these gaps by
testing several commercially important chelates under controlled
field conditions, quantifying their impact on soil micronutrient
availability, plant nutrient status, growth parameters, and yield
components of fennel. Through this work, actionable insights
will be provided for sustainable micronutrient management in
marginal soils.

Methodology

In this study, a pot experiment was conducted to evaluate the
effect of sequentially applied chelated micronutrients on fennel
(Foeniculum vulgare) growth under zinc-deficient soil conditions.
Fennel seeds (variety Pak-1) were procured from the Ayub
Agriculture Research Institute, Faisalabad, ensuring high-quality
and uniform germplasm. Five chelated micronutrient treatments
and one is control were applied: L1 (Control), Level 2 (Zn-EDTA,
5 mg/kg soil), Level 3 (Fe-EDDHA, 10 mg/kg soil), Level 4 (Mn-
EDTA, 5 mg/kg soil), Level 5 (Cu-EDTA, 2 mg/kg soil), and Level
6 (B-boron chelate, 1 mg/kg soil) [14]. To enhance bioavailability
and minimize antagonistic interactions, a sequential nutrient
application strategy was employed. The zinc-deficient soil was first
air-dried, sieved, and analyzed to confirm nutrient deficiency and
baseline physicochemical properties. Zn-EDTA was incorporated
into the soil firstand allowed to equilibrate for 24 hours to facilitate
early root uptake. Subsequently, Fe-EDDHA [15], Mn-EDTA [16],

Cu-EDTA [17], and B-chelate [18] solutions were applied at 48-
hour intervals, with gentle mixing after each addition to ensure
uniform distribution while reducing competitive interactions.
Each chelated micronutrient was dissolved in a minimal volume of
distilled water to prepare stock solutions before soil application.
Surface-sterilized fennel seeds were sown at a depth of 1-2 cm,
three seeds per pot, and thinned to one healthy seedling per pot
after germination. The pots were maintained under controlled
greenhouse conditions with regular irrigation to maintain soil
moisture at field capacity.

Cation and Anion Determination in Soil

Cation and anion concentrations in soil were determined to
evaluate nutrient availability and exchange properties. For cation
analysis, 10 g of air-dried and sieved soil was saturated with 1
M ammonium acetate (pH 7), shaken for 1 h, and exchangeable
cations (Ca?*, Mg?*, K*, Na*) were displaced using 1 M ammonium
chloride and quantified via atomic absorption spectrophotometry
[19]. For anion determination, soils were saturated with 1 M
sodium sulfate, and exchangeable anions (Cl-, SO,27, NO3~, P0,3")
were displaced with 1 M sodium chloride; released anions were
measured spectrophotometrically using standard colorimetric
techniques [20]. All measurements were performed in triplicate,
and mean values were used to assess soil fertility, ionic balance,
and the effects of experimental amendments.

Determination of Soil Redox-Active Compounds

Soil redox-active compounds, including phenolics [21] and
humic substances [22], were extracted from 5 g of air-dried,
sieved soil using 25 mL of 0.1 M NaOH by shaking for 1 h. The
suspension was centrifuged at 5000 rpm for 10 min, and the
supernatant was collected. Total redox-active compounds were
quantified spectrophotometrically at 280 nm for phenolics and
465 nm for humic substances using standard calibration curves.
All measurements were performed in triplicate, and mean values
were reported to assess soil electron transfer capacity and
potential influence on nutrient cycling and microbial activity.

Leaf Micronutrient Analysis (Zn, Fe, Mn, Cu, and B)

Fully expanded leaves from Level 1 (control), Level 2 (Zn-
EDTA), Level 3 (Fe-EDDHA), Level 4 (Mn-EDTA), Level 5 (Cu-
EDTA), and Level 6 (B-Chelate) treatments were collected at
harvest, washed with distilled water, oven-dried at 70°C to
constant weight, and ground to a fine powder. For micronutrient
analysis, 0.5 g of dried leaf powder was digested with a mixture
of concentrated HNO3; and H,0, (3:1 v/v) using a microwave
digestion system. After digestion, the solution was filtered and
diluted with deionized water. Concentrations of Zn, Fe, Mn, and Cu
were determined by atomic absorption spectrophotometry, while
boron was measured calorimetrically using the azomethine-H
method [23]. All analyses were performed in triplicate, and mean
values were used to evaluate the uptake of micronutrients across
the six treatment levels.
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Post-Harvest Soil Micronutrient Analysis

After crop harvest, soil samples from Level 1 (control), Level
2 (Zn-EDTA), Level 3 (Fe-EDDHA), Level 4 (Mn-EDTA), Level 5
(Cu-EDTA), and Level 6 (B-Chelate) plots were collected from
the top 0-20 cm, air-dried, and passed through a 2 mm sieve. For
micronutrient extraction, 5 g of soil was shaken with 25 mL of DTPA
solution (0.005 M DTPA, 0.01 M CaCl,, 0.1 M TEA, pH 7.3) for 2h. The
suspension was filtered, and the concentrations of Zn, Fe, Mn, and
Cu were determined using atomic absorption spectrophotometry,
while boron was measured spectrophotometrically using the
azomethine-H method [24]. All measurements were performed in
triplicate, and mean values were calculated to assess the residual
availability of micronutrients across different treatment levels

Result
Soil-Plant micronutrient dynamics

The post-harvest analysis revealed that chelated micronutrient
treatments significantly improved both soil and leaf nutrient

concentrations [25] compared to the control (L1). In soil as shown
in Table 1 and 2, Zn ranged from 0.6367 to 4.74 mg kg™ [26], with
the highest in L2 (Zn-EDTA, #644% higher than L1) [27], while Fe
peaked in L3 (Fe-EDDHA, ~140% higher than L1) at 8.2233 mg
kg™* [28]. Mn was highest in L4 (Mn-EDTA, 9.07 mg kg™, x207%
higher than L1) [29], Cu in L5 (Cu-EDTA, 3.9533 mg kg™*, *528%
higher than L1) [30], and B in L6 (B-chelate, 3.2533 mg kg%,
~602% higher than L1) [31]. Leaf analysis showed a similar trend
as in Table 2, with the maximum accumulation of each nutrient
corresponding to its respective chelate: Zn in L2 (0.00584 mg kg™,
~218% higher than L1), Fe in L3 (0.0215 mg kg%, 123% higher
than L1), Mn in L4 (0.0169 mg kg™, ~310% higher than L1),
Cu in L5 (0.00266 mg kg™, ~356% higher than L1), and B in L6
(0.0105 mg kg™, ~432% higher than L1). These results indicate
that specific chelated micronutrients not only enhance residual
soil availability but also effectively increase plant uptake [4],
demonstrating the efficiency of targeted nutrient management
under CRD conditions.

Table 1: Soil nutrient assessment before crop harvest using fennel seed. Treatments at 0.05 CRD with LSD significance.

Treatments Zn (mg kg') Fe (mg kg1) Mn (mg kg?) Cu (mg kg?) B (mg kg?)
L1 90.6367 ©3.4333 ©2.9533 90.63 ©0.4633
L2 24,74 3.26 2.7 0.95 40.52
L3 €0.7467 28.2233 43.7567 0.9433 «0.5433
L4 0.9567 41567 29.07 €0.8467 €0.5767
L5 0.9433 b4.16 41467 23.9533 °0.6567
L6 0.9733 v3.9433 €3.94 €0.82 23.2533
L1 (Control); L2 (Zn-EDTA); L3 (Fe-EDDHA); L4 (Mn-EDTA); L5 (Cu-EDTA); L6 (B-Chelate)
Table 2: Leaf nutrient assessment after harvest using standard digestion. Treatments at 0.05 CRD with LSD.
Treatments Zn (mg kg?) Fe (mg kg?) Mn (mg kg?) Cu (mgkg?) B (mg kg?)
L1 0.00184 0.00964 0.00412 40.000583 0.00197
L2 20.00584 °0.0113 40.00477 0.00086 40.00265
L3 v0.00463 20.0215 €0.00438 €0.00074 €0.00254
L4 40.00266 0.0136 20.0169 €0.00075 €0.00314
L5 €0.00247 €0.0130 0.00545 20.00266 0.00334
L6 €0.00285 40.0118 €0.00494 €0.00076 20.0105

L1 (Control); L2 (Zn-EDTA); L3 (Fe-EDDHA); L4 (Mn-EDTA); L5 (Cu-EDTA); L6 (B-Chelate)

Cations in Soil

Post-harvest soil analysis showed that chelated micronutrient
treatments as shown in Table 3 significantly influenced the
concentration of soil cations [32]. Calcium (Ca?*) ranged from
8.1 to 8.67 mg kg™*, with the highest value observed in L3 (Fe-
EDDHA) [33], while the lowest was recorded in the control (L1).
Magnesium (Mg?*) values varied between 3.47 and 3.73 mg kg™*

[34], where L3 also exhibited the highest concentration. Potassium
(K*) levels ranged from 0.24 to 0.273 mg kg™ [35], showing
slight improvement under micronutrient treatments compared
with the control. Sodium (Na*) concentrations were relatively
low and varied from 0.113 to 0.13 mg kg™, indicating minimal
accumulation across treatments. Overall, chelated micronutrient
application slightly enhanced soil cation availability compared
with the untreated control [36].
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Table 3: Post harvest soil cation concentrations (Ca%", Mg?, K*, and Na*) under different chelated micronutrient treatments (mg kg™'). Different

superscript letters indicate significant differences at p<0.05 (LSD, CRD).

Treatments Ca** (mg kg') Mg?* (mg kg) K* (mg kg1) Na* (mg kg)
L1 8.1 43.4667 b0.24 20.1133
L2 8.4667 «d3.5 20.2667 20.12
L3 28.6667 23.7333 20.2733 20.1233
L4 28.6333 ®3.6667 20.2733 20.12
L5 8.4333 «3.5333 °0.25 20.13
L6 8.3 3.6 0.24 20.13

L1 (Control); L2 (Zn-EDTA); L3 (Fe-EDDHA); L4 (Mn-EDTA); L5 (Cu-EDTA); L6 (B-Chelate)

Anions in Soil

Significant differences were also observed in soil anion
concentrations among treatments as shown in Table 4. Chloride
(CI") ranged from 18.06 to 20.43 mg kg™, with the highest
level recorded in L3 (Fe-EDDHA) treatment. Sulfate (S0,*7)
concentrations varied between 12.11 and 14.43 mg kg™*, where

again L3 showed the highest accumulation [37]. Nitrate (NO3")
values ranged from 22.23 to 26.5 mg kg™?, indicating improved
nitrogen availability in micronutrient-treated soils compared with
the control [38]. Similarly, phosphate (P0,37) ranged between
8.2 and 10.37 mg kg™*, with maximum levels observed in L3,
suggesting enhanced phosphorus availability due to chelated
micronutrient treatments.

Table 4: Post harvest soil anion concentrations (Cl, SO,*, NO,, and PO,*) under different chelated micronutrient treatments (mg kg). Different

superscript letters indicate significant differences at p<0.05 (LSD, CRD).

Treatments ClI' (mg kg") S0,* (mgkg™) NO, (mgkg™) PO,* (mgkg™)
L1 «18.4 €12.11 €22.3 8.2
L2 €18.767 13,5 b25.267 9.4333
L3 220.433 214.433 a26.5 210.367
L4 ©19.433 13.233 ©24.267 9.2
L5 ©19.433 €12.433 923.433 8.5
L6 418.067 €12.2 €22.233 8.2

L1 (Control); L2 (Zn-EDTA); L3 (Fe-EDDHA); L4 (Mn-EDTA); L5 (Cu-EDTA); L6 (B-Chelate)

Soil redox active compounds

The determination of soil redox-active compounds showed
significant variation among treatments as shown in Table 5.
Phenolic compounds measured at 280 nm ranged from 0.42
to 0.55 absorbance units, with the highest value recorded in L3
(Fe-EDDHA) treatment, while the lowest value was observed in
the control (L1) [39]. Treatments with micronutrient chelates

generally showed increased phenolic content compared with the
control. Similarly, humic substances determined at 465 nm ranged
between 0.36 and 0.47 absorbance units. The maximum humic
substance concentration was also observed in L3, followed by L4
and L2, whereas the control treatment exhibited the lowest value
[40]. The results indicate that micronutrient chelate applications
enhanced the accumulation of redox-active organic compounds in
soil after crop harvest.

Table 5: Soil redox active compounds after fennel crop harvest. Different superscript letters indicate significant differences at p<0.05 (LSD, CRD).

Treatments Phenolics (mg kg?) Humic Substances (mg kg!)
L1 €0.42 €0.36
L2 °0.48 0.41
L3 20.55 20.47
L4 0.5 0.43
L5 50.47 °0.4
L6 0.44 €0.38

L1 (Control); L2 (Zn-EDTA); L3 (Fe-EDDHA); L4 (Mn-EDTA); L5 (Cu-EDTA); L6 (B-Chelate)
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Discussion
Soil analysis after crop harvest

The control soil exhibited deficient to marginal concentrations
of essential micronutrients, particularly Zn (0.62 mg kg™), Fe
(3.10 mg kg™), and B (0.44 mg kg™%), which is characteristic of
calcareous agricultural soils of Pakistan [41]. High soil pH and
carbonate content in such soils commonly limit micronutrient
solubility, resulting in poor plant availability despite adequate
total [42]. This
provided a suitable platform to evaluate the effectiveness of
chelated micronutrient amendments [43]. Application of Zn-

concentrations nutrient-deficient baseline

EDTA (Level 2) resulted in a substantial increase in soil-available
Zn (4.71 mg kg™1), confirming the superior stability and mobility
of EDTA-chelated zinc under alkaline soil conditions [44].
Interestingly, Zn availability was similarly enhanced under Fe-
EDDHA application (Level 3), indicating indirect mobilization of
Zn through chelate-mediated complexation and reduced fixation.
This cross-nutrient interaction highlights the multifunctional
role of chelating agents beyond their target elements [45].
Manganese availability showed a pronounced increase in Level 4
(9.01 mg kg™1), suggesting improved Mn solubility due to changes
in soil redox micro-environments and competitive adsorption
effects following micronutrient amendment [46]. The absence
of excessive accumulation indicates that the applied strategy
enhanced availability without inducing toxicity, an important
consideration for sustainable soil management [47]. Copper
availability increased markedly under Cu-EDTA treatment (3.99
mg kg%, Level 5), reflecting the strong affinity of EDTA for Cu and
its effectiveness in preventing Cu precipitation in calcareous soils
[48]. Concurrent stability of Zn and Fe in this treatment further
suggests that chelated Cu did not antagonize other micronutrients,
maintaining overall nutrient balance [49]. Boron chelation (Level
6) resulted in a substantial rise in available B (3.22 mg kg™),
effectively correcting the widespread B deficiency prevalent in
Pakistani soils [50]. Unlike conventional boron fertilizers, chelated
B maintained availability without sharp fluctuations, reducing the
risk of leaching or toxicity [51]. Overall, the results demonstrate
that chelated micronutrients not only correct specific deficiencies
but also influence the broader micronutrient dynamics of soil [52].
The findings emphasize the importance of chelation chemistry in
managing micronutrient availability under alkaline soil conditions
and provide a practical framework for improving soil fertility in
micronutrient-deficient regions [53].

Detection of ions in leaves

Leaf micronutrient concentrations following wet digestion
revealed a clear and element-specific response to chelated
micronutrient applications [54]. The control treatment exhibited
comparatively low concentrations of Zn (18.2 mg kg™*), Fe (96.4
mg kg™!), and B (19.7 mg kg™1), confirming the micronutrient-
deficient nature of the experimental soil [55]. Such deficiencies are
characteristic of calcareous and alkaline soils, were high pH and

carbonate content limit micronutrient solubility and root uptake
[56]. Application of Zn-EDTA (Level 2) significantly enhanced leaf
Zn concentration to 58.6 mg kg™, representing more than a three-
fold increase compared to the control [57]. This improvement
demonstrates the superior stability of EDTA-chelated zinc, which
prevents precipitation and maintains Zn in plant-available form
under alkaline conditions [58]. Moderate increases in Fe, Mn, and
Cu under this treatment indicate that Zn chelation did not induce
micronutrient antagonism, supporting balanced nutrient uptake
[59]. Fe-EDDHA treatment (Level 3) resulted in a pronounced
increase in leaf Fe concentration (214.7 mg kg™), confirming
the exceptional efficiency of EDDHA in supplying Fe under high-
pH soils [28]. Notably, Zn concentration also increased (46.3 mg
kg™), suggesting chelate-mediated mobilization of secondary
micronutrients. This cross-nutrient facilitation highlights a
novel functional role of chelating agents beyond single-element
correction [60]. Manganese-focused treatment (Level 4) markedly
elevated leaf Mn concentration to 168.5 mg kg™' without
exceeding toxicity limits [61]. The concurrent stability of Zn,
Fe, and Cu suggests that Mn availability was improved without
disrupting overall micronutrient homeostasis. Such selective
enhancement is particularly valuable for correcting hidden
Mn deficiencies in intensively cultivated soils [62]. Cu-EDTA
application (Level 5) substantially increased leaf Cu concentration
(26.8 mg kg™), reflecting the strong affinity of EDTA for Cu and
its effectiveness in preventing Cu fixation [63]. Importantly, this
increase did not suppress Zn or Fe uptake, indicating minimal
antagonistic interaction and confirming the suitability of chelated
Cu for balanced micronutrient management [64]. Chelated
boron treatment (Level 6) resulted in a sharp increase in leaf B
concentration (104.9 mg kg™, effectively correcting B deficiency
while remaining below toxicity thresholds [65]. Compared to
conventional boron fertilizers, chelated B maintained controlled
uptake, reducing the risk of excessive accumulation. This finding
is particularly significant for B-deficient soils, where narrow
deficiency-toxicity margins
strategies [66]. Overall, the results demonstrate that chelated
micronutrients significantly improve leaf micronutrient status
through enhanced solubility [44], reduced fixation, and improved
root uptake. The element-specific yet balanced response observed
across treatments underscores the potential of chelation-based
strategies for sustainable micronutrient management in alkaline
soils [67].

limit conventional fertilization

Soil ion concentration and nutrient balance

Chelated micronutrient applications significantly improved
soil nutrient dynamics after crop harvest. The increased levels of
Ca?* and Mg** observed in Fe-EDDHA and Zn-EDTA treatments
may be attributed to improved nutrient solubility and reduced
fixationinsoil [8]. Chelating agents enhance micronutrient stability
and also influence the availability of associated macro-nutrients
by modifying soil chemical interactions [68]. Similarly, higher
K* concentrations in treated soils suggest that micronutrient
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chelates may improve nutrient exchange processes within the
soil matrix [69]. The relatively low variation in Na* indicates that
micronutrient treatments did not promote sodium accumulation,
which is beneficial for maintaining soil health [70]. The increased
concentrations of NO;~ and PO,3” under Fe-EDDHA treatment may
result from enhanced microbial activity and improved nutrient
cycling in the soil [20]. Chelated micronutrients can stimulate
biological processes that accelerate nutrient mineralization and
availability. Additionally, the increase in SO,*~ and Cl” may reflect
improved nutrient mobility and retention within the soil solution
[71]. Overall, the results suggest that chelated micronutrient
treatments, particularly Fe-EDDHA, improved both cationic and
anionic nutrient availability in soil after crop harvest, which
may contribute to better soil fertility and nutrient balance for
subsequent crops.

Soil Redox active compounds

The determination of soil redox-active compounds revealed
that the application of chelated micronutrients significantly
influenced the accumulation of phenolic compounds and humic
substances in the soil after crop harvest. Phenolic compounds
measured at 280 nm were highest in L3 (Fe-EDDHA) treatment,
indicating enhanced formation or stabilization of redox-active
organic molecules in the soil [72]. The increased phenolic
concentration may be attributed to improved microbial activity
and organic matter transformation promoted by chelated
micronutrients [73]. These compounds play an important role
in soil redox reactions, nutrient cycling, and stabilization of soil
organic matter. Similarly, humic substances measured at 465
nm showed a noticeable increase in micronutrient-treated soils
compared with the control [74]. The higher absorbance values
observed particularly in L3 and L4 treatments suggest that
chelated micronutrients enhance the humification process, leading
to greater accumulation of complex organic compounds in the soil
[75]. Humic substances are well known for their ability to improve
soil structure, increase cation exchange capacity, and enhance
nutrient retention, which ultimately contributes to better soil
fertility [76]. The superior performance of Fe-EDDHA treatment
in both phenolic and humic substance accumulation may be linked
to the role of iron in redox reactions and enzymatic processes
within soil microbial communities [77]. Iron chelates can facilitate
electron transfer reactions and stimulate microbial metabolism,
thereby accelerating the decomposition of organic residues
and the formation of stable humic materials [78]. Additionally,
micronutrient chelates may protect organic molecules from rapid
degradation, allowing their gradual transformation into humified
fractions. Overall, the results suggest that the application of
chelated micronutrients not only improves nutrient availability
but also positively influences soil biochemical properties and
redox-active organic compounds [79]. The enhancement of
phenolics and humic substances indicates improved soil organic
matter quality and redox buffering capacity, which are essential
for maintaining sustainable soil fertility and supporting crop

productivity in subsequent growing seasons.
Conclusion

This study demonstrated that the application of chelated
micronutrients significantly improved soil chemical properties,
nutrient dynamics, and plant performance in zinc-deficient
Pakistani soils. Among the tested treatments, Fe-EDDHA and Zn-
EDTA showed superior effectiveness, enhancing soil ionic balance,
redox-active organic compounds, and micronutrient availability.
These improvements were reflected in increased nutrient uptake,
better plant growth, and higher yield of Foeniculum vulgare. The
findings further revealed that chelated micronutrients positively
influenced soil cation-anion balance and the accumulation of
redox-active compounds such as phenolics and humic substances,
indicating improved soil biochemical functioning. The ranking
of micronutrients highlighted the critical role of chelation
in stabilizing micronutrients and facilitating their efficient
utilization by plants under nutrient-deficient conditions. Overall,
this study provides new insights into the comparative efficiency of
chelated micronutrients in zinc-deficient soils, offering a practical
nutrient management strategy to enhance soil fertility and crop
productivity. The adoption of appropriate chelated micronutrient
formulations may therefore serve as a sustainable approach
for improving legume production in micronutrient-limited
agroecosystems.
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