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Abstract

Integrated Nutrient Management (INM) enhances crop productivity and nutritional quality while
preserving soil health. This study evaluated the impact of the integrated application of enriched compost
derived from organic waste and chemical fertilizers on cucumber (Cucumis sativus) growth, yield,
and zinc (Zn) biofortification under pot conditions. A total of six treatments were tested: T1 (control),
T2 (chemical fertilizers: urea + diammonium phosphate (DAP) + sulfate of potash (SOP)), T3 (zinc
coated urea (zabardast urea) + DAP + SOP), T4 (zinc-enriched compost), TS (zinc-enriched compost +
chemical fertilizers), and T6 (zinc-enriched compost + Zabardast urea + DAP + SOP). The integrated
treatment (T6: enriched compost + Zabardast urea + DAP + SOP) outperformed others, improving seed
germination (27%), seed vigor index (56%), chlorophyll content (54%), and key biochemical parameters:
carbohydrates (30%), soluble sugars (18%), protein (26%), and fiber (20%). Morphological traits such as
vine length (22%), stem girth (65%), number of leaves per plant (42%), and fruit yield (8%) were also
highest under T6. Furthermore, soil analysis after harvest revealed a substantial increase in organic
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matter and the availability of macronutrients (nitrogen, phosphorus, and potassium) and micronutrients

(zinc and iron). Principal component analysis (PCA) and correlation analysis confirmed strong positive

associations between improved soil fertility and cucumber performance. These results underscore the

potential of enriched compost derived from organic waste in recycling nutrients and reducing reliance

on synthetic inputs. The integrated use of enriched compost and chemical fertilizers (T6) represents a

sustainable, climate-resilient nutrient management strategy to enhance soil health, crop productivity,

and nutritional value.

Keywords: biofortification, cucumber quality, enriched compost, integrated nutrient application, organic

waste

Introduction

Vegetables play a pivotal role in human nutrition due
to their rich content of phytochemicals, including fiber,
vitamins, antioxidants, and minerals. As a member of
the Cucurbitaceae family, cucumber (Cucumis sativus)
is an important vegetable with significant dietary and
economic value. In Pakistan, cucumbers are one of
the most widely consumed salad vegetables. Globally,
cucumbers rank as the fourth most important vegetable
after tomatoes, cabbage, and onions, cultivated both as a
seasonal and a commercial crop. Their versatility enables
their consumption in various forms, including fresh
salads, pickles, and even as cooked dishes, depending
on regional culinary preferences [1]. Cucumber
(Cucumis sativus L.) is an important vegetable crop
cultivated worldwide for its nutritional and economic
significance [2]. However, sustaining high productivity
and improving its micronutrient content, particularly
zinc (Zn), is a major concern due to nutrient imbalances
and declining soil fertility [3]. Zinc plays a vital role in
photosynthesis, enzyme activation, and overall plant
growth. A deficiency can lead to severe yield losses
and reduced crop quality, making zinc biofortification a
key agricultural goal. Integrated Nutrient Management
(INM), which combines organic and inorganic nutrient
sources, has gained attention as a sustainable approach
to enhancing crop productivity and nutritional quality
[4, 5].

The nutrient composition of cucumbers is notable,
with their high water content resulting in only 15 calories
per cup. Despite their low caloric value, cucumbers are
packed with health benefits, including antioxidant and
anti-inflammatory properties and potential benefits
for managing diabetes. Additionally, cucumber seeds
relieve constipation and help regulate body temperature
[6]. Global cucumber production was estimated at
83.7 million tons annually, while Pakistan contributed
54.29 thousand tons in 2016, with an average yield of
16 t/ha from 3.38 t/ha of cultivated area [7]. Several
factors, including soil nutrient availability, climate,
genotype, and cultural practices, influence cucumber
production and nutritional quality. Among these, the
role of nitrogen-fixing bacteria and the homogeneous
distribution of essential nutrients like nitrogen (N),
phosphorus (P), potassium (K), zinc (Zn), iron (Fe), and

sulfur (S) in the soil are particularly crucial. In Pakistan,
the uneven distribution of these nutrients poses a
significant challenge, impacting crop yield and quality
[8].

Malnutrition remains a global public health
challenge, particularly in developing nations [9].
According to the World Health Organization (WHO),
malnutrition arises when the essential nutrients and
energy are inadequate for normal cellular function,
growth, and repair. This condition includes deficiencies
in macronutrients, such as protein and calories, and
micronutrients like zinc, iron, iodine, selenium, and
vitamin A [10]. Zinc deficiency is a pressing concern;
it affects approximately 17% of the global population,
including 40% of pregnant women and 42% of children
under five years [11]. Consequences of zinc deficiency
range from impaired growth and neuropsychological
functions to immune disorders, delayed sexual
maturation, and chronic infections [12].

Soil zinc deficiency is a widespread problem,
particularly in Pakistan, India, China, and Turkey [13].
Zinc availability in soil is influenced by its solubility,
which is often limited despite adequate total zinc levels
[14]. This deficiency affects crop productivity, with
mild soil zinc deficiencies leading to yield losses of up
to 30% in cereal crops such as wheat, rice, and maize
[15]. Dicots, including cucumbers, are also significantly
impacted. In cucumbers, zinc deficiency can lead to
up to a 40% reduction in total root length, severely
impairing water and nutrient uptake. Addressing zinc
deficiency in crops requires the development of effective
biofortification strategies. Recent research highlights
the potential of agronomic biofortification to enhance
zinc concentrations in crops through integrated nutrient
management [16, 17]. Factors such as the type of zinc
fertilizer, application method, timing, and environmental
conditions play critical roles in determining the success
of these interventions.

Forecasts suggest that the global population will
reach 9.8 billion by 2050, further intensifying the
challenge of malnutrition. Addressing zinc deficiency
is critical, as sufficient zinc intake improves growth
and reduces disease prevalence, particularly in children
from low-income regions [3]. Zinc is an essential
micronutrient for both plants and humans. It plays a
vital role in numerous physiological processes, including
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photosynthesis, growth regulation, disease resistance,
and enzyme activation [18, 19]. Zinc deficiency in plants
leads to growth retardation, reduced root development,
and reduced yield. For instance, zinc-deficient
cucumbers exhibit a 39.9% reduction in total root length
[20]. Given its importance, enhancing the zinc content
of crops through biofortification has become a focus of
agricultural research.

Biofortification, the process of enriching crops
with essential minerals, is a promising approach to
addressing micronutrient deficiencies in human diets.
This can be achieved through two primary strategies:
genetic biofortification, involving conventional breeding
or transgenic techniques, and agronomic biofortification,
which involves the application of nutrients at specific
stages of crop growth [21]. Agronomic biofortification
is a cost-effective and accessible method, particularly
in developing countries. It involves techniques such as
integrated nutrient management (INM), seed priming,
and seed coating to increase the nutrient density of
crops.

Among the INM strategies, the integrated application
of enriched compost and chemical fertilizers has gained
attention as a promising alternative to conventional
nutrient management. Enriched compost improves
soil physical, chemical, and biological properties by
enhancing organic matter and microbial activity, which
increases nutrient availability and supports long-term
soil fertility [22, 23]. On the other hand, chemical
fertilizers provide readily available nutrients but may
lead to soil acidification, nutrient leaching, and long-
term soil fertility decline [24]. This dual approach allows
for the synergy between immediate nutrient availability
and long-term soil health, providing a balanced solution
for sustainable agriculture.

Despite its potential, the comparative advantages
and limitations of integrating enriched compost with
chemical fertilizers remain insufficiently explored,
especially in the context of zinc biofortification in
cucumbers. Thus, a comprehensive assessment of this
integrated approach is required to understand its role
in crop productivity, nutritional enhancement, and
environmental sustainability. This study evaluates the
impact of enriched compost and chemical fertilizers
on cucumber productivity and Zn biofortification. By
comparing these nutrient management approaches, the
present work provides novel insights into a sustainable
solution to micronutrient deficiency and declining
soil fertility, contributing to improved food security,
nutritional health, and agricultural sustainability.

Materials and Methods
Collection of Fertilizers
The diammonium phosphate (DAP: 18% N and 46%

P), Urea (46% N), and sulfate of potash (SOP: 50% K)
were bought from the local market. Another source of

N “Zabardasat Urea” (42% N, 3% Zn) manufactured by
Engro Fertilizers Limited, Pakistan, was also used for
comparison with Urea.

Preparation of Zinc-Enriched Compost

Zinc-enriched compost was prepared in a
composting unit at the Department of Soil Science,
Faculty of Agriculture and Environment, The Islamia
University of Bahawalpur. For this purpose, domestic
organic waste was collected, air-dried under shade
following drying in the oven at 65 °C, and ground
using a grinding machine (flour mill). Then, the ground
organic material was filled into a composting drum
along with 40% water and 1% urea to enhance the
composting process [25]. The drum will be continuously
rotated for up to three weeks using an electric motor
to mix the material homogeneously. The compost was
enriched with zinc (Zn) by adding zinc oxide (ZnO) at
a rate of 2% by weight. Another zinc source used in the
study was zinc-coated urea (Zabardast Urea), a product
of Engro Fertilizer Company Limited, Pakistan, which
contains 42% nitrogen (N) and 1% bioactive zinc. A
composite sample of enriched compost was collected
and analyzed. The compost exhibited a moisture content
of 38%, an electrical conductivity (EC) of 1.16 dS m,
and a slightly alkaline pH of 7.83. Increasing pH can
drive the solubilization of organic matter from wetland
soils, particularly under reducing conditions [26]. It
contained a high organic matter (38%) and total organic
carbon content (63%). Chemical analysis revealed the
presence of 183 mg kg™ of extractable potassium (K),
19 mg kg™ of available phosphorus (P), and 2.96% total
nitrogen. The enriched compost showed elevated levels
of DTPA-extractable micronutrients, including 32 mg
kg of zinc (Zn) and 9.7 mg kg! of iron (Fe). A microbial
count of 39 x 10° CFU g soil indicated robust microbial
activity in the compost.

Pot Trial

The pot trial was conducted in the wire-house of
the Department of Soil Science, the Islamia University
of Bahawalpur, under natural climatic conditions.
Bahawalpur (29.3544° N, 71.6911° E) is a district in the
Punjab province of Pakistan, located in the southern
region at the edge of the Cholistan Desert. The area has
an arid climate, with annual rainfall of less than 150
mm, most of which occurs during the monsoon season
(mid-July to mid-September). The cucumber crop was
sown in the first week of March and harvested in the
third week of May in 2024. The average temperature and
rainfall during the cropping period are shown in Fig. 1.
The soil was air-dried under shade, ground, and sieved
through a 2 mm mesh size sieve to remove gravel. The
soil was analyzed for physicochemical characteristics.
The pot capacity of 12 kg of dried soil was used for this
experiment. The treatments were applied as different
fertilizer combinations, i.e., T,: absolute control, T:
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Fig. 1. Climate conditions include maximum and minimum
temperature (a) and rainfall (b) during the cropping season in
2024. The data is presented as an average of a week (W).

Urea + DAP + SOP, T,: Zabardast urea + DAP + SOP, T;:
Zn-enriched compost, T.: Zn-enriched compost + Urea
+ DAP + SOP, T,: enriched compost + Zabardast urea +
DAP + SOP. The mentioned fertilizers will be applied to
meet the recommended NPK doses @ 100:50:50 kg ha
I. The pots were arranged in a completely randomized
design (CRD) and replicated three times. Ten cucumber
seeds were sown in each pot. After germination, five
plants per pot were maintained; good-quality tap water
was used for irrigation. Agronomic practices were
carried out according to need. The crop was harvested
to measure the yield and quality parameters.

Soil Analysis

Pre-sowing and post-harvesting soil samples were
collected, air-dried in the shade, ground, thoroughly
mixed, and sieved through a 2 mm mesh size. The
available Zn was measured by extracting with
diethylenetriaminepentaacetic acid (DTPA), and zinc
concentration was measured by an atomic absorption
spectrophotometer [27]. To determine the total N, Olsen
P, and extractable K, the protocol described by Ryan
et al. [28] was followed. Organic matter in the soil
was determined by the method of Moodie et al. [29].
To determine the organic matter, one gram of soil was
mixed with 10 mL of potassium dichromate solution,

followed by the addition of 20 mL of concentrated
sulfuric acid, and left for 30 minutes. About 150 mL
of deionized water and 25 mL of ferrous sulfate (0.5
N) were added. The mixture was titrated till the pink
endpoint. The saturation percentage was determined
by measuring the weight of the saturated soil paste and
comparing it to the oven-dried weight of the same soil
sample.

Plant Analyses

The SPADE values were measured from the leave
sample after 60 days [30]. Other parameters, like
growth and yield, were determined after harvesting.
The analysis of N, P, and K was conducted for cucumber
fruits.

Biochemical Analysis

Total carbohydrates were determined using the
phenol-sulfuric acid technique, where cucumber extracts
were processed, broken down with sulfuric acid, and
combined with phenol before analyzing absorbance at 490
nm with a spectrophotometer [31]. Dietary fiber levels,
comprising both insoluble and soluble components, were
evaluated using the enzymatic-gravimetric procedure,
which included sequential enzyme treatment with
a-amylase, protease, and amyloglucosidase, followed
by filtering, drying, and measuring the remaining
material [32]. For spectrophotometric analysis of soluble
sugars, 1 g of the sample is blended with hexane. Heat
this mixture in a water bath maintained at 80—-90°C for
approximately 30 minutes to facilitate complete sugar
extraction. Vortex the tube for 1 minute and subject the
mixture to centrifugation at 13000 rpm for 15 minutes,
and collect the resulting supernatant. The supernatant
was discarded, and 5 mL of 80% ethanol solution was
added to precipitate. After vortexing for 1 minute, the
tubes were centrifuged at 13000 rpm for 10 minutes.
Supernatant was filtered in an Eppendorf tube and
preserved at 4 °C for further analysis [33]. Sugar levels
are measured using a color-based technique through the
anthrone procedure. In the anthrone method, combine
50 pL of the extract with 5 mL of anthrone reagent
(dissolve 2 g of anthrone in 1 L of concentrated H,SO,),
vortex the mixture for 1 minute, and then heat in a
water bath (95 °C) for 10 minutes. Let the mixture cool
to room temperature before measuring its absorbance
at 620 nm using a spectrophotometer. Calculate sugar
concentrations by comparing readings against a standard
curve created using known glucose solutions.

Protein analysis was conducted using the Kjeldahl
method, following the guidelines set by the Association
of Official Analytical Chemists [34]. For this purpose,
1 g portion of the homogenized sample was placed into
a Kjeldahl digestion flask, with three boiling beads,
10 g of potassium sulfate, and 20 ml of concentrated
sulfuric acid. The mixture was heated until it became
clear, then allowed to cool before adding 200 ml of tri-
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Fig. 2. Principal component analysis (PCA) showed the impact of integrated application of enriched compost and chemical fertilizers on
soil health. T : control; T,: Urea + DAP + SOP; T,: Zabardast urea + DAP + SOP; T,: Zn enriched compost; T: Zn enriched compost +
Urea + DAP + SOP; T,: enriched compost + Zabardast urea + DAP + SOP.

distilled water. After the addition of 20 mL of 40%
sodium hydroxide, the solution was connected to a
distillation apparatus. The distillation continued until at
least 70 ml of the distillate was collected in a receiving
flask containing 20 ml of 4% boric acid. The sample was
then titrated using 0.1 N sulfuric acid. The final protein
content was calculated by multiplying the obtained
value by a conversion factor of 6.25 and expressed as
a percentage. All tests were conducted three times to
ensure reliable and consistent results.

Macronutrient Determination

The plant sample was subjected to sulfuric acid
digestion, using K SO,: CuSO,: FeSO, (10: 05: 01)
digestion mixture. The sample was prepared by grinding
1 gram of the dried sample into powder and then adding
it to a Kjeldahl digestion flask, followed by 10 ml of
concentrated sulfuric acid and 0.1 g of the digestion
mixture, and left for 30 minutes. After transferring

the digestion flasks to the stove, the sample was heated
gradually at 100 °C and then increased to 350 °C.
After cooling at room temperature, the contents were
transferred to a 100 ml volumetric flask, and the volume
was made up with distilled water. The macronutrients
(N, P, and K) were measured using the standard protocol
[28].

Nitrogen was determined by the Kjeldahl method.
For distillation, 10 ml of the digested solution was taken
in the Kjeldahl flask and placed in the distillation block
with 10 ml NaOH (40%). In a 100 ml flask, a few drops
of the mixed indicator were added with 10 ml of boric
acid (4%) to collect the distillate up to 30-40 ml. The
distillate was titrated against 0.01 N sulfuric acid till
the pink endpoint. A spectrophotometer was used to
measure phosphorus at 420 nm after being calibrated
against P standards. The potassium standard curve was
made by knowing the concentration standards prepared,
using potassium chloride. Digested plant samples
were analyzed on a flame photometer (Jenway, PFP-
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7). A standard curve was used for the calculation of K*
concentrations

Determination of Zinc

Tri-acid digestion was used to ascertain the
micronutrient content [35]. Take 0.1 g dry fruit
sample followed by 25 ml of triazide mixture (1 L of
concentrated HNO3, 100 ml of concentrated HCI, 25
ml of concentrated H,SO,), which was then placed in a
250 mL beaker containing boiling beads. After that, the
sample was heated over a digester grill in a fume hood.
After the reaction, the samples were filtered into 50 ml
volumetric flasks (stock solution), and the volume was
made up to the mark with triple-distilled water. Atomic
absorption spectrophotometry was used to determine
the zinc concentrations. Zn concentration was calculated
by comparing the samples' readings with a calibration
curve, developed using 0, 2, 4, 6, 8, and 10 mg kg! Zn
standards.

Statistical Analysis

The data were statistically analyzed using the
analysis of variance (ANOVA) technique. The treatment
means were compared using LSD at a 5% probability
level. Principal component analysis (PCA), parallel
diagram analysis, and chord diagram analysis were
carried out using Origin Pro 2021 (b).

Results

Impact of Enriched Compost and Different
Chemical Fertilizers on Soil Characteristics

The principal component analysis (PCA) revealed
the influence of treatments on soil parameters,
including organic matter (OM), total nitrogen (TN),
phosphorus (P), potassium (K), and zinc (Zn) (Fig.
2). The eigenvalues for PCl and PC2 highlighted
the contributions of soil parameters to the variation
explained by the components. PCl accounted for the
highest variation in the dataset, with organic matter
(OM) contributing significantly (loading = 0.28128)
along with total nitrogen (TN, loading = 0.56),
phosphorus (P, loading = 0.49), potassium (K, loading
= 0.44), and zinc (Zn, loading = 0.41218). This indicates
a broad influence of multiple soil parameters on PCI.
In contrast, PC2 showed strong contributions from OM
(loading = 0.64) and Zn (loading = 0.51), suggesting that
these parameters significantly differentiate treatments
along this component. Treatment T1 (absolute control)
was distinctly separated along PCl, showing negative
eigenvalues (-3.09 for PCl), reflecting its low levels of
OM (0.55%), TN (0.04%), P (6.56 mg/kg), K (82 mg/kg),
and Zn (0.6 mg/kg). Treatments involving compost (T4,
T5, and T6) clustered toward the positive end of PCl,
indicating their enrichment in OM, TN, P, K, and Zn. T6

(enriched compost + Zabardast Urea + DAP + SOP) had
the highest TN (4.78%) and Zn (2.31 mg/kg), along with
significant levels of OM (3.05%), P (9.38 mg/kg), and K
(87.2 mg/kg), contributing to its high eigenvalue (1.90)
for PC1. Overall, the PCA analysis emphasizes that
treatments incorporating Zn-enriched compost (T4, TS,
T6) improve soil fertility parameters, especially OM,
TN, and Zn, while chemical fertilizer treatments (T2,
T3) show moderate effects. These results underscore
the potential of integrated nutrient management for
enhancing soil health.

Impact of Enriched Compost and
Different Chemical Fertilizers on Seed
Germination and Seedling Growth

The study evaluated the influence of various
treatments on SPAD value, seed germination percentage,
seed vigor index I, and seed vigor index II. The results
revealed that these parameters were significantly affected
by the applied treatments (Fig. 3). Among the treatments,
T6 (enriched compost + Zabardast urea + DAP + SOP)
showed the highest performance across all parameters,
with an SPAD value of 25.57, seed germination of
86.20%, seed vigor index I of 1418.33, and seed vigor
index II of 13.70. This was closely followed by T5
(Zn-enriched compost + Urea + DAP + SOP), which
recorded an SPAD value of 24.77, seed germination
of 84.20%, seed vigor index I of 1396.00, and seed
vigor index II of 12.87. The treatment T4 (Zn-enriched
compost) also demonstrated notable results, achieving
an SPAD value of 23.53, seed germination of 78.00%,
seed vigor index I of 1355.33, and seed vigor index II of
12.13. On the other hand, treatments T3 (Zabardast urea
+ DAP + SOP) and T2 (Urea + DAP + SOP) produced
moderate outcomes, with T3 showing slightly better
results than T2. The treatment T3 recorded an SPAD
value of 18.93, seed germination of 72.83%, seed vigor
index I of 1223.00, and seed vigor index II of 9.80, while
T2 exhibited an SPAD value of 18.67, seed germination
of 70.97%, seed vigor index I of 1210.33, and seed vigor
index II of 9.23. The control treatment (T1) recorded the
lowest values for all parameters, with an SPAD value of
16.50, seed germination of 67.67%, seed vigor index I of
1100.00, and seed vigor index II of 8.73. These findings
highlight the significant impact of integrated nutrient
management, particularly the combination of enriched
compost with chemical fertilizers, in enhancing seed
performance and chlorophyll content.

Impact of Enriched Compost and Different
Chemical Fertilizers an Cucumber Growth

The study evaluated the effects of different fertilizer
treatments on various plant growth and yield parameters.
The results showed a progressive improvement in all
parameters with increasing complexity and nutrient
enrichment of the treatments (Table 1). Among the
treatments, T6 consistently demonstrated superior
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Fig. 3. Effect of integrated application of enriched compost and chemical fertilizers on SPAD value, seed germination, and seedling
growth. Data presented as the mean of three replicates. Bars sharing the same letter(s) do not differ significantly at a 5% probability level
(p £0.05). (a): SPAD value; (b): seed germination percent; (c): Seedling vigor index I; (d): seedling vigor index II; *** p < 0.001; ****
p < 0.0001; T : control; T,: Urea + DAP + SOP; T,: Zabardast urea + DAP + SOP; T,: Zn enriched compost; T: Zn enriched compost +
Urea + DAP + SOP; T: enriched compost + Zabardast urea + DAP + SOP.

Table 1. Integrated application of enriched compost and chemical fertilizers improves morphology, growth and yield of cucumber.

Vine length | Vine Girth Number of Nurpber of Fruit length .Frult 100-seed Seed yield
Treatment (cm) (mm) leaves per fruits per (cm) diameter weight (g) (@ pot)
plant plant (cm) ghtie gp
+ + +
T, 171+ 1.7¢ 3.02 j 0.06 12.0£0.7 ¢ 1.33 . 0.03 16.6+0.8b 6.60 . 0.32 1225 30‘104 157+12¢
T 176 = 1.6 ¢ 3.52+£0.04 | 14.0£0.6 1.67 +0.09 1774120 6.83+0.32 | 2.30+£0.100 175+410¢
2 c be d c a
T 179429 ¢ 3.83 £0.09 14.7+0.9 | 2.00£0.10 2114072 7.33+029 [2.34+0.095| 189+1.3
3 c abc c be a be
o 19356 430+0.12 153409 | 2.67+0.12 2064032 7.90+045 [ 241+£0.099 | 21.0+0.9
4 b ab b ab a ab
T 201 £2.5 ab 4.53+£0.15 16.0+0.6 | 2.67+0.15 2174072 8.10+£0.12 | 245+0.110 2304042
5 b ab b ab a
T, 200+ 1.0a 4‘971[0'18 17.0+12a 3'00;%0‘06 28+13a 8‘57Z°'12 2'5110‘“0 235+1.1a
LSD (p <
0.05) 9.0794 ***% | () 355] **** 2.5159 * 0.3024 **** | 27505 ** 0.9071 ** 0.3180 " 3.2055 ***

Note: Data is presented as the mean of three replicates + standard error. Columns sharing the same letter(s) do not differ from each
other at 5 % probability level. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < (.0001; ™ non-significant; T : control; T,: Urea +
DAP + SOP; T,: Zabardast urea + DAP + SOP; T,: Zn enriched compost; T,: Zn enriched compost + Urea + DAP + SOP; T : enriched
compost + Zabardast urea + DAP + SOP
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Fig. 4. A chord diagram analysis showed the correlation effect of different treatments of integrated application of enriched compost and
chemical fertilizers on cucumber growth and fruit size. T : control; T,: Urea + DAP + SOP; T,: Zabardast urea + DAP + SOP; T,: Zn
enriched compost; T,: Zn enriched compost + Urea + DAP + SOP; T,: enriched compost + Zabardast urea + DAP + SOP.

performance across all parameters. The highest vine
length (208.6 cm), vine girth (4.97 cm), number of leaves
per plant (17), number of fruits per plant (3), seed yield
(23.5 g), fruit length (22.77 cm), and fruit width (8.57
cm) were recorded in T6, highlighting its effectiveness.
In comparison, T1 (absolute control) exhibited the
lowest values for all measured traits, with vine length
(170.9 cm), vine girth (3.02 cm), number of leaves per
plant (12), number of fruits per plant (1.33), seed yield
(15.67 g), fruit length (16.57 cm), and fruit width (6.6
cm), indicating the necessity of nutrient supplementation
for optimal growth. Treatments with Zn-enriched
compost, particularly T5 and T6, showed significant
enhancements in vine girth, number of fruits per plant,
and overall seed yield compared to treatments lacking
compost (T2 and T3). For instance, TS5 recorded a seed
yield of 23 g and T6 recorded 23.5 g, outperforming T3
(18.87 g) and T2 (17.47 g). Additionally, the inclusion of
Zabardast urea in T3 and T6 led to marked improvements
in fruit dimensions and overall seed yield, signifying its
beneficial role in nutrient delivery.

The chord diagram interpretation clearly illustrates
strong positive correlations between seed yield and
parameters such as vine girth, fruit length, and fruit
width, with treatments T5 and T6 forming clusters
indicative of superior nutrient efficiency (Fig. 4). These
findings suggest that the integration of enriched compost
and advanced urea formulations, as in T6, provides a
synergistic effect that enhances plant growth and yield.

Impact of Enriched Compost and Different
Chemical Fertilizers on Biochemical
Characteristics of Cucumber

The results of the study indicated that the treatments
significantly influenced the parameters of total
soluble sugars, carbohydrates, total soluble protein,
and fiber content (Fig. 5). Among the treatments, T1
(absolute control) exhibited the lowest values across
all parameters. The treatment T6 (enriched compost +
Zabardast urea + DAP + SOP) consistently recorded the
highest values, with total soluble protein at 8.5 mg g
dry weight (DW), carbohydrates at 41.8 mg g DW, total
soluble sugar at 18.8 mg g' DW, and fiber content at 5.7
mg g' DW. The treatments T2 (Urea + DAP + SOP) and
T3 (Zabardast urea + DAP + SOP) showed moderate
improvements compared to the control, with T3 slightly
outperforming T2 in all parameters. The treatments T4
(Zn-enriched compost) and TS5 (Zn-enriched compost
+ Urea + DAP + SOP) further enhanced the measured
parameters, with TS5 showing superior performance
over T4. Overall, the combination of Zn-enriched
compost and Zabardast urea with DAP and SOP (T6)
proved to be the most effective treatment in enhancing
all evaluated parameters, demonstrating the synergistic
effects of these inputs on crop quality.
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and chemical fertilizers on cucumber yield. Data presented as
the mean of three replicates. Bars sharing the same letter(s) do
not differ significantly at a 5% probability level (p < 0.05). T :
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Impact of Enriched Compost and Different
Chemical Fertilizers on Mineral Nutrient
Contents in Cucumber Seed

The nutrient content of seeds, including nitrogen
(N), phosphorus (P), potassium (K), and zinc (Zn), was
significantly influenced by the applied treatments (Fig.
6). Among the treatments, the highest nitrogen content
(2.39667%) was recorded in T6 (enriched compost +
Zabardast urea + DAP + SOP), followed by T5 (Zn-
enriched compost + Urea + DAP + SOP) with 2.35667%,
while T1 (absolute control) exhibited the lowest
nitrogen content (2.08%). Similarly, phosphorus content
was highest in T6 (0.52%) and lowest in T1 (0.31%).
Potassium content also varied across treatments, with
T6 showing the highest value (3.01%) and T1 the lowest
(2.76%). The zinc concentration in seeds significantly
increased with the application of zinc-enriched compost.
The highest zinc content (39 mg/kg) was observed in
T6, followed by TS5 (35.33 mg/kg) and T4 (29.33 mg/
kg). In contrast, the lowest zinc content (22.83 mg/kg)
was found in T1. Overall, the integration of Zn-enriched
compost and the use of enriched urea formulations,
particularly in T6, significantly enhanced the nutrient
profile of seeds compared to other treatments, indicating
the synergistic effects of these amendments.

Impact of Enriched Compost and Different
Chemical Fertilizers on Cucumber Yield

The crop yield varied significantly under
different treatments, indicating the impact of nutrient
management practices (Fig. 7). The lowest yield was
observed in the absolute control treatment (T1), which

produced an average yield of 371.13 units. A slightly
higher yield was recorded in T2, which comprised
the application of ureca, DAP, and SOP, resulting in
375.2 units. Zabardast urea, with DAP and SOP in T3,
further increased the yield to 380.03 units. A notable
improvement in yield was observed with the application
of Zn-enriched compost (T4), which achieved 387.77
units. Combining Zn-enriched compost with urea, DAP,
and SOP in T5 further enhanced the yield to 393.03
units. The highest yield, 402 units, was achieved in T6,
where enriched compost was used with Zabardast urea,
DAP, and SOP. These results highlight the effectiveness
of integrating enriched compost and advanced fertilizers
like Zabardast urea for maximizing crop productivity.

Correlation Analysis

The Pearson correlation analysis for the dataset
highlights significant relationships among the variables
(Fig. 8). Organic matter (OM) exhibited a strong
positive correlation with soil-Zn (r = 0.89676), vine
length (r = 0.86269), vine girth (r = 0.80724), 100-seed
weight (r = 0.82111), seed-K (r = 0.73028), and yield (r
= 0.80564), indicating its critical role in plant growth
and productivity. Soil-N showed strong correlations
with seed-N (r = 0.98276) and seed-P (r = 0.97553), as
well as high correlations with soil-P (r = 0.88629) and
seed-K (r = 0.89444), emphasizing the interdependence
of nitrogen availability with other nutrients. Soil-P
and soil-K were strongly correlated with each other (r
= 0.95998), reflecting their complementary role in soil
fertility; their correlations with productivity metrics
such as yield were moderate (r = 0.4843 and r = 0.33152,
respectively). Soil-Zn demonstrated strong correlations
with several productivity-related variables, including
seed-K (r = 0.91282), vine length (r = 0.97769), vine
girth (r = 0.92949), and yield (r = 0.95263). Seed-N and
seed-P were also highly interrelated (r = 0.9939) and
showed strong relationships with productivity variables,
including yield (r = 0.7207 and r = 0.6984, respectively).
Seed-K and seed-Zn showed extremely high correlations
with vine length (r = 0.96963 and r = 0.97668), vine
girth (r = 0.98911 and r = 0.96247), and 100-seed weight
(r = 0.98953 and r = 0.97804), further emphasizing the
importance of potassium and zinc in seed and plant
development. Among plant growth parameters, vine
length and vine girth exhibited very high correlations
with yield (r = 0.99322 and r = 0.98704), 100-seed
weight (r = 0.99235 and r = 0.99652), and fruit diameter
(r = 0.98688 and r = 0.99148), showcasing their strong
influence on productivity. Yield was also strongly
linked with fruit length (r = 0.90681) and fruit diameter
(r = 0.99033), suggesting that fruit characteristics
directly impact overall yield. The correlation analysis
underscores the complex interplay between soil
properties, seed nutrients, and plant growth parameters,
highlighting the importance of organic matter, soil
zinc, and plant nutrient content for optimizing yield and
productivity.
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Fig. 8. Pearson’s correlation analysis showed the relationship between the studied parameters.

Discussion
The results demonstrate that the integrated
application of enriched compost and chemical

fertilizers (Particularly in T6 treatment) significantly
enhances seed germination, seedling growth, and
chlorophyll content, as reflected in key parameters
such as SPAD value, seed germination percentage,
and seed vigor indices. These improvements were
statistically significant (p < 0.05), indicating a robust
impact of integrated nutrient management on early
plant development. Treatments with integrated
nutrient management, particularly T6 (enriched
compost + Zabardast urea + DAP + SOP), yielded the
best outcomes across all measured parameters. This
superior performance reflects the synergistic effect
of combining organic matter with readily available
nutrients from chemical fertilizers, enhancing nutrient
uptake efficiency and seed metabolic activity. These
findings align with previous literature suggesting that
the co-application of organic and chemical fertilizers
improves seed vigor and germination [36, 37].
Specifically, T6 produced the highest SPAD value, seed
germination, and vigor indices, underlining the positive
role of enriched compost in improving soil fertility
and promoting seedling growth. This improvement is
likely due to the balanced nutrient supply from enriched
compost and the inorganic fertilizers, which provide
essential macro- and micronutrients, fostering optimal

seedling development [38, 39]. The results also suggest
that treatments incorporating zinc-enriched compost (T4
and T5) further enhanced seedling growth, supporting
the concept that micronutrient supplementation has a
significant impact on seed performance [40].

Further supporting the significance of integrated
treatments, growth parameters such as vine length,
girth, number of leaves, and fruit yield were
significantly enhanced, with T6 again exhibiting the
highest performance across all traits. This observation
is consistent with previous research that highlighted
the positive impact of combining organic fertilizers
with chemical fertilizers on crop growth and yield [41,
42]. Treatments with Zn-enriched compost, such as TS
and T6, particularly boosted fruit yield, vine girth, and
other growth parameters, which aligns with studies
showing the crucial role of zinc in plant development,
especially concerning nutrient efficiency [43]. Moreover,
the inclusion of Zabardast urea in T3 and T6 treatments
contributed to larger fruit dimensions and higher seed
yield, suggesting the beneficial effects of advanced urea
formulations in supplying nutrients for optimal growth
[44]. The strong positive correlations observed between
vine girth, fruit size, and yield further reinforce the
importance of these growth parameters in determining
the overall productivity of cucumber plants.

The biochemical parameters, including total soluble
sugars, carbohydrates, protein, and fiber content, were
significantly improved with treatments of enriched
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compost and advanced fertilizers, particularly T6. These
improvements in nutritional content are consistent with
findings from studies on the positive effects of organic
amendments on the biochemical composition of crops
[45, 46]. Enriched compost provides organic matter
and essential micronutrients that enhance the plant’s
metabolic processes, leading to higher concentrations
of soluble sugars, carbohydrates, proteins, and fiber,
for overall crop quality and nutritional value. The
enhancement in biochemical properties with Zn-
enriched compost, especially in T5 and T6, aligns with
research suggesting that zinc supplementation can
improve protein synthesis and carbohydrate metabolism
[47]. These results highlight that enriched compost and
chemical fertilizers enhance crop yield and nutritional
quality.

The principal component analysis (PCA) results
further supported the beneficial impact of enriched
compost. PCA revealed strong associations between
integrated treatments and improved soil fertility
attributes such as organic matter, total nitrogen,
phosphorus, potassium, and zinc. T6 treatment was
distinctly separated from other treatments, indicating
its superior influence on soil nutrient enrichment. The
enrichment of organic matter improves microbial
activity and soil structure [48, 49], while enhanced
zinc and nitrogen levels support vital physiological
processes, such as chlorophyll synthesis and protein
production [50, 51]. The strong loading values for these
variables in PCA confirm that integrated treatments not
only improve plant traits but also enhance long-term soil
health, supporting the findings that organic amendments
can significantly improve soil fertility and structure [52,
53]

The mineral nutrient content in cucumber seeds,
including nitrogen, phosphorus, potassium, and zinc,
was significantly higher in treatments that incorporated
enriched compost, particularly T6. This aligns with
studies that have demonstrated the benefits of organic
amendments and micronutrient-rich fertilizers in
improving the nutrient profile of seeds [54, 55]. The
highest nitrogen and phosphorus content observed
in T6 indicates the crucial role of integrated nutrient
management in enhancing the nutritional composition
of crops, which ultimately influences seed quality and
vigor. Furthermore, the higher zinc content in seeds
from treatments with Zn-enriched compost supports
previous research highlighting the importance of zinc
in improving seed nutrient content and plant health [56,
57]. The integration of organic and chemical fertilizers,
particularly those enriched with zinc, enhances the
quality and nutritional value of cucumber seeds,
providing a more nutrient-dense crop.

Yield data support the benefit of an integrated
application. T6 (enriched compost + Zabardast urea
+ DAP + SOP) consistently achieved the highest fruit
and seed yield. The statistical significance (p < 0.05)
of yield differences among treatments confirms the
reliability of these observations. This result emphasizes

the synergistic effects of organic and inorganic nutrient
sources in maximizing crop productivity. The integration
ensures slow and rapid nutrient release, optimizing
nutrient availability throughout growth stages [58]. The
positive correlation between nutrient management and
yield suggests that the balanced nutrient supply from
integrated treatments maximizes plant growth and fruit
production, supporting research that emphasizes the role
of macronutrients and micronutrients in improving crop
yield [59].

The Pearson correlation analysis highlighted
several significant relationships between soil and
plant parameters, particularly organic matter, zinc,
nitrogen, and yield. The strong correlations between
organic matter and various growth and productivity
variables suggest its essential role in enhancing plant
performance [60, 61]. Furthermore, the high correlation
between seed and soil nutrients, particularly nitrogen,
phosphorus, and potassium, emphasizes the importance
of nutrient availability for optimizing plant growth and
productivity. These correlations support the complex
interplay between soil health, nutrient availability,
and plant growth, highlighting the effectiveness of
integrated nutrient management in enhancing overall
crop performance. The integrated application of
enriched compost and chemical fertilizers, especially
the T6 treatment, significantly improved cucumber seed
performance, plant growth, soil fertility, biochemical
attributes, and yield. These findings highlight the
importance of adopting integrated nutrient management
strategies for sustainable crop production, with T6
serving as a practical model for balancing yield
enhancement and soil health conservation.

Conclusion

The present study introduced a novel concept of
combining zinc-enriched compost with advanced
chemical fertilizers (Zabardast Urea, DAP, and SOP)
as an innovative strategy for integrated nutrient
management in cucumber cultivation. This integrated
approach significantly improved seed germination,
seedling vigor, plant growth, biochemical composition,
and yield performance of cucumber. Specifically, the
T6 treatment (enriched compost + Zabardast urea
+ DAP + SOP) consistently demonstrated superior
performance across all measured parameters, including
chlorophyll content, soluble sugars, total carbohydrates,
proteins, and fiber content. In comparison with findings
from previous studies, our results align with those
reporting that integrated nutrient sources improve
nutrient availability, uptake, and crop productivity.
However, this study further demonstrates enhanced
zinc bioavailability and biochemical quality, a finding
not commonly addressed in earlier research. Moreover,
the observed positive correlations among soil nutrients,
plant growth parameters, and yield components confirm
the synergistic interaction of organic and inorganic
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inputs, reinforcing the importance of a balanced nutrient
supply. The integration of bioactivated enriched compost
with chemical fertilizers represents a sustainable and
innovative solution for improving soil fertility and
cucumber productivity. These findings contribute to a
broader understanding of nutrient synergy in sustainable
agriculture and highlight the potential of enriched
compost-based strategies to enhance crop yield and
quality while preserving long-term soil health.
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