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Abstract

This two-year field study, conducted in Kahramanmaras, Tirkiye, in 2021-2022, used a Randomi-
zed Complete Block Design (RCBD) with three replications to investigate the effects of 12 diffe-
rent fertilizer applications on the macro- (g kg?') and micronutrient (mg kg?) content of confec-
tionery sunflower (Helianthus annuus L.) seeds. Significant year X fertilizer application interac-
tion effects were detected for most analyzed nutrients, indicating that treatment responses
varied between growing seasons. Different fertilizer applications — chemical, organic, and orga-
nomineral — had a clear influence on both macro- and microelement levels in sunflower seeds.
The highest increases in grain P (4.036 g kg'), Ca (2.092 g kg!), and Mn (4.771 mg kg!) were
obtained with cattle manure applied at 10 000 kg ha' (CM1). This treatment also resulted
in noticeable improvements in N (1.79 g kg'), Mg (2.224 g kg'), and Mo (0.118 mg kg'). When
cattle manure (1000 kg ha') was combined with chemical fertilizer (90 kg ha' N and 50 kg ha! P)
as an organomineral treatment (CMCF), the seeds showed the highest N (1.87 g kg') and
P (4.035 g kg') levels, along with marked increases in Mn (4.249 mg kg'), Zn (54.620 mg kg"),
and Cu (7.424 mg kg?). The highest Fe content (52.10 mg kg?') was recorded with gyttja at
20000 kg ha' (G2), and the highest Mg content (2.332 g kg') was determined with gyttja
at 80 000 kg ha' (G3). In comparison, chemical fertilizer alone led to lower P, Ca, Mg, Zn, and
Na contents than the control and organic or organomineral applications. These results highlight
how different fertilizer types can distinctly shape the nutrient profile of sunflower seeds, offering
useful insights for refining fertilization practices in confectionery sunflower production.
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INTRODUCTION

Sunflower (Helianthus annuus L.), a member of the Asteraceae family
within the Asterales order, is a globally significant oilseed crop cultivated for
both oil extraction and direct consumption as confectionery. The seeds are
rich in essential nutrients, including proteins, lipids, and minerals, contri-
buting to their widespread use in human nutrition and livestock feed.
Sunflower oil, primarily composed of polyunsaturated fatty acids, is a staple
in cooking and food processing industries due to its favorable nutritional
profile and stability. Sunflower meal, a by-product of oil extraction, serves
as a valuable protein source in animal diets, thereby enhancing the sustain-
ability of sunflower production systems (Petraru et al. 2021, Puraikalan,
Scott 2023).

In addition to their nutritional value, sunflower seeds are rich in essen-
tial minerals such as potassium, magnesium, phosphorus, and trace ele-
ments like iron, zinc, and selenium. These micronutrients play crucial roles
in various physiological functions and contribute to the overall health bene-
fits associated with sunflower seed consumption. For instance, sunflower
seeds are an excellent source of vitamin E, an antioxidant that protects cells
from oxidative damage and supports immune function (Adeleke, Babalola
2020).

Fertilization practices are critical in enhancing soil fertility and optimi-
zing crop yields. The application of fertilizers has been shown to increase
agricultural productivity by replenishing essential nutrients in the soil,
thereby supporting sustainable crop production systems. However, the use
of fertilizers must be managed carefully to avoid negative environmental
impacts such as nutrient leaching and soil degradation. Fertilizers are gen-
erally categorized into chemical and organic types. Chemical fertilizers pro-
vide readily available nutrients, leading to immediate improvements in plant
growth and yield. Organic fertilizers, derived from natural sources, contri-
bute to soil health by enhancing microbial activity and improving soil struc-
ture. Previous studies have demonstrated that the application of different
organic and inorganic fertilizer sources significantly alters the macro- and
micronutrient accumulation in various field crops (Dogan et al. 2019).
The integration of both types, known as organomineral fertilization, aims
to combine the benefits of immediate nutrient availability with long-term soil
fertility enhancement. Studies have indicated that organomineral fertilizers
can improve nutrient uptake efficiency and increase crop yields compared to
the use of chemical fertilizers alone (Alzamel et al. 2022, Silva et al. 2023).

In Turkiye, sunflower cultivation has been expanding due to the increa-
sing demand for edible oils and confectionery products. According to the
Turkish Statistical Institute (TurkStat), in 2024, approximately 854,924 ha
were planted with oilseed sunflower, yielding 2,180 kg ha'!, and 118,799 ha
with confectionery sunflower, yielding 2,870 kg ha'. This resulted in a total
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production of 1,855,000 t of oilseed sunflower and 340,000 t of confectionery
sunflower in 2025. These figures underscore the importance of optimizing
agronomic practices to enhance both yield and quality in sunflower produc-
tion.

Recent studies have highlighted the positive effects of organic and
organomineral fertilizers on seed germination, root development, and seed-
ling growth in various crops, including sunflower. Kaya and Erdéonmez (2020)
reported that organic fertilizers improved seedling vigor and nutrient uptake
in sunflower. Similarly, research by Kaya et al. (2024a) and Kaya et al.
(2024b) demonstrated that organomineral fertilizers enhanced sunflower
seedling establishment and growth parameters. These findings indicate that
the use of organic and organomineral fertilizers may contribute to sustain-
able sunflower production systems by improving early plant development and
overall crop performance.

The nutrient composition of sunflower seeds is influenced by various
factors, including fertilization practices. Studies have shown that the appli-
cation of organomineral fertilizers can increase the concentrations of essen-
tial macro- and micronutrients in sunflower seeds, thereby enhancing their
nutritional value. For instance, research by Alzamel et al. (2022) indicated
that organomineral fertilization improved the levels of nitrogen, phosphorus,
and potassium in sunflower seeds. Similarly, Silva et al. (2023) reported that
the use of organic and mineral fertilization influenced the nutrient content
and quality parameters of sunflower seeds.

Therefore, this study was conducted to evaluate the effects of chemical,
organic, and organomineral fertilizer applications on the main macro- and
micronutrient contents in the grains of confectionery sunflower (Helianthus
annuus L.) under the environmental conditions of Kahramanmaras, Tiirkiye.
The specific objective was to determine how different fertilization strategies
influence the concentrations of key essential nutrients — specifically nitrogen,
phosphorus, potassium, magnesium, calcium, zinc, manganese, and iron —
in sunflower seeds. The findings aim to provide insights into optimizing
fertilization practices to enhance both the yield and nutritional quality of
sunflower seeds in the region.

MATERIALS AND METHODS

Experimental design and site description

This two-year field experiment (2021-2022) was conducted at the experi-
mental field of the Department of Field Crops, Faculty of Agriculture,
Kahramanmaras Stit¢i Imam University, Tirkiye. The experimental design
followed a Randomized Complete Block Design (RCBD) with three replica-
tions. Each plot measured 0.70 m X 5.00 m and consisted of four rows (14 m?
in total), with 12 plots per block and 3.00 m spacing between blocks. Seeds
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of the Inegsl Alasi cultivar were obtained from farmers affiliated with the
Elbistan Chamber of Agriculture. The soil was plowed deeply in autumn,
followed by shallow cultivation in early spring to prepare a uniform seedbed.
Sowing was performed manually on April 9, 2021, and April 7, 2022, using
four-row plots (0.70 m X 5.00 m). Emergence irrigation was applied immedi-
ately after sowing. Subsequent irrigations were conducted via a drip irriga-
tion system. The system consisted of 16 mm diameter polyethylene drip lines
with inline emitters spaced at 30 cm intervals, each delivering a flow rate of
2.2 L h'! at an operating pressure of 1.0 bar. One drip line was placed along
each crop row at a distance of 10 cm from the plant stems. Irrigation was
scheduled at 7-day intervals. No fungicides or insecticides were applied
during the growing seasons. Weed control was performed manually three
times per season. No significant pest or disease pressure was observed in
either year and harvest was carried out manually at physiological maturity
in mid-August of both years.

Plant material

The experimental material consisted of the Inegil Alas: sunflower culti-
var, a confectionery-type variety officially registered by the Inegsl Munici-
pality in 2013. The seeds were obtained from local farmers affiliated with the
Elbistan Chamber of Agriculture. This cultivar is known for its large seeds,
high nutritional content, and adaptability to the regional growing conditions
of southeastern Turkiye.

Soil characteristics and climatic conditions

Prior to the experiment, composite soil samples (0-30 cm depth) were
collected and analyzed at the USKIM Soil Analysis Laboratory of Kahraman-
maras Stut¢ci Imam University. The soils were slightly alkaline (pH 7.58),
with low lime content (9.3 g kg'') and moderate organic matter (11.6 g kg™).
They exhibited a clay-loam texture, low salinity (1.0 g kg?), and adequate
phosphorus levels (4.73 ppm), indicating moderate fertility suitable for sun-
flower cultivation. Kahramanmaras has a typical Mediterranean climate
characterized by hot, dry summers and mild, wet winters. Meteorological
data from 2021-2022 (Provincial Directorate of Meteorology) indicated higher
mean temperatures and lower precipitation compared to long-term averages
(1930-2021). Total rainfall during the April-August growth period was
32.3 mm in 2021 and 42.6 mm in 2022, considerably below the long-term
mean of 125.3 mm, indicating relatively dry conditions that challenged water
availability for sunflower growth (Figure 1).

Fertilizer properties

The nutrient composition data presented in Table 1 for organic fertilizers
(vermicompost, cattle manure, and gyttja) were provided by the supplying
companies as declared values based on their internal quality control analyses.
The chemical fertilizer composition was obtained from the manufacturer’s
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Fig. 1. Climate data of the vegetation period (April-August) for 2021-2022 and long-term
(1930-2021)

product specification sheet. While these values represent the stated composi-
tion at the time of procurement, it is acknowledged that inherent variability
may exist in organic materials. Therefore, the results of this study were
interpreted with consideration of these declared values as reference points
rather than absolute measurements.

Fertilizer applications

Twelve fertilizer applications were carried out, including a control
(no fertilizer), a chemical fertilizer (90 kg N + 50 kg P ha''), three organic
fertilizers (gyttja, vermicompost, and cattle manure), and their respective
organomineral combinations with the chemical fertilizer dose. The experi-
mental layout and fertilizer applications are summarized in Table 2.

For chemical fertilizer treatments, 50 kg N + 50 kg P ha' was applied
during sowing as a basal dose. The remaining nitrogen (40 kg N ha') was
applied as ammonium sulfate (21% N) as a top-dressing treatment when
plants reached approximately 30 cm in height. All chemical fertilizers were
incorporated into the top 5-10 cm of soil using a hand rake immediately after
application to minimize ammonia volatilization.

Organic fertilizers (gyttja, vermicompost, and cattle manure) were
applied one week before sowing. They were uniformly hand-broadcast over
each plot and thoroughly incorporated into the soil to a depth of approxi-
mately 15-20 cm using a rotary tiller to ensure homogeneous mixing and to
Initiate microbial decomposition prior to sowing.

In organomineral treatments (GCF, VCF, CMCF), the organic component
(1000 kg ha'') was applied and incorporated one week before sowing as
described above. The chemical fertilizer component (90 kg N + 50 kg P ha')
was then applied at sowing time, with half (50 kg N + 50 kg P) incorporated
into the seedbed and the remaining nitrogen (40 kg N) applied as top-dress-
ing at the 30-cm growth stage.
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Table 2
Fertilizer applications and treatment rates
Treatment Code Description
Control no fertilizer
CF 90 kg ha' N + 50 kg ha' P
G1, G2, G3 gyttja at 10 000, 20 000, and 80 000 kg ha™!
Vi, V2 vermicompost at 10 000 and 20 000 kg ha'!
CM1, CM2 cattle manure at 10 000 and 20 000 kg ha!
GCF, VCF, CMCF gyttja, vermicompost, or cattle manure (1000 kg ha!) + CF dose

Nutrient analysis

At harvest, seed samples were collected from each experimental plot. Appro-
ximately 5 g of seeds from each sample were finely ground and analyzed for
macronutrients — nitrogen (N), phosphorus (P), potassium (K), magnesium
(Mg), and calcium (Ca) — as well as micronutrients including iron (Fe), manga-
nese (Mn), zinc (Zn), copper (Cu), molybdenum (Mo), and sodium (Na). All
analyses were performed at the USKIM Laboratories of Kahramanmarasg Siitcii
Imam University following standard analytical protocols: total nitrogen was
determined using the Kjeldahl method, phosphorus by spectrophotometric ana-
lysis, and the remaining elements (K, Ca, Mg, Fe, Mn, Zn, Cu, Mo, and Na)
by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).

Statistical analysis

All data were analyzed using SAS 9.0 statistical software (SAS Institute
Inc., Cary, NC, USA) according to the Randomized Complete Block Design
(RCBD). Because the experiment was conducted over two growing seasons,
year was treated as a fixed effect and the Year X Fertilizer Application inter-
action was included in the model (Littell et al. 2006). Analysis of variance
(ANOVA) was performed to test the effects of year, fertilizer application, and
their interaction. Mean comparisons were performed using Tukey’s honestly
significant difference (HSD) test at p<0.05 as the conservative post-hoc pro-
cedure. Where the Year x Fertilizer Application interaction was significant,
treatment means were interpreted within year. Coefficients of variation (CV)
were calculated to describe experimental precision.

RESULTS AND DISCUSSION

Macronutrient contents in sunflower seeds

The effects of different fertilizer applications on the macronutrient com-
position (Ca, K, Mg, N, and P) of confectionery sunflower seeds were statisti-
cally significant at both the 5% and 1% probability levels (Table 3). As shown
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Table 3

Analysis of variance for macronutrient (Ca, K, Mg, N, and P) concentrations in confectionery
sunflower seeds as affected by year (Y), fertilizer application (FA), and their interaction (Y X FA)

Trait of S;E’thewn df MS F P Sig.
block 2 0.02014170 14.689376 0.0000 wx
year (Y) 1 0.00065401 0.4769739 0.4933 ns

Ca (g ke) fertilizer (FA) 11 0.10900400 79.496912 0.0000 wx
Y x FA 11 0.04938760 36.018488 0.0000 b
error 46 0.00137120
total 71
block 2 0.13531330 22.589202 0.0000 wx
year (Y) 1 94.45564000 15768.426 0.0000 wx
K (g ke fertilizer (FA) 11 0.39149980 65.356979 0.0000 i
Y x FA 11 0.43518660 72.650052 0.0000 wx
error 46 0.00599020
total 71
block 2 0.03309820 17.847070 0.0000 wx
year (Y) 1 8.17629400 4408.790700 0.0000 o
Mg (g ke fertilizer (FA) 11 0.11314370 61.008907 0.0000 wx
Y x FA 11 0.11045660 59.559973 0.0000 wx
error 46 0.00185450
total 71
block 2 0.00850420 2.2985360 0.1118 ns
year (Y) 1 0.00586810 1.5860386 0.2142 ns
N (g ke!) fertilizer (FA) 11 0.01047010 2.8298888 0.0066 *
Y x FA 11 0.02097710 5.6697766 0.0000 i
error 46 0.00369980
total 71
block 2 0.24219870 20.1367800 0.0000 b
year (Y) 1 0.10966810 9.1179735 0.0041 *
P (¢ k) fertilizer (FA) 11 0.70817760 58.8789960 0.0000 b
Y x FA 11 1.02727680 85.4093990 0.0000 wx
error 46 0.01202770
total 71

df — degrees of freedom, MS — mean square, F — F value, ns — not significant, * significant at
p<0.05, ** gignificant at p<0.01

in Table 3, significant year X fertilizer application interactions were detected
for K, Mg, P, and N, indicating that fertilizer responses were not consistent
between the two growing seasons. The year effect itself was highly signifi-
cant for Mg, P, K, reflecting the pronounced influence of the contrasting
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climatic conditions between 2021 and 2022 on soil nutrient dynamics.
The results indicated that the use of organic and organomineral fertilizers,
particularly those based on cattle manure and gyttja, substantially enhanced
the accumulation of macro elements compared with the control and chemical
fertilizer applications.

Calcium (Ca)

Calcium concentration ranged between 1.45 and 2.09 g kg!, with signifi-
cant differences among fertilizer applications. The highest Ca level was
obtained in CM1 (2.09 g kg), while the lowest occurred in CF (1.60 g kg)
— Table 4 and Figure 2a. Although the year effect for Ca was not significant,
the Y X FA interaction was highly significant (p<0.01), indicating treat-
ment-dependent seasonal variation (Table 3). In Y1, CM1 reached the high-
est Ca (2.208 g kg'); in Y2, CM1 remained among the highest (1.977 g kg?),
supporting the consistency of cattle manure in enhancing Ca uptake across
both seasons (Table 4). These results align with Niyazaliev et al. (2023), who
found that manure-based amendments enhance Ca uptake by improving
cation exchange capacity and soil aeration. Enhanced Ca levels in the CM1
treatment indicate that moderate doses of organic amendments are particu-
larly effective in maintaining soil balance and improving nutrient assimila-
tion (Thomas et al. 2019).

Potassium (K)

The mean K content varied between 5.37 and 7.64 g kg!, showing signif-
icant differences (p<0.01) among treatments. As shown in Tables 3 and 4,
the year effect was significant (p<0.01), with Y2 recording slightly higher K
means (6.618 g kg') than Y1 (6.540 g kg!). The G1 (gyttja 10 000 kg ha™)
treatment led to the highest K concentration (7.08 g kg'), whereas the lowest
was found in V2 (5.80 g kg'). Interestingly, the control plots in 2021 also
exhibited high potassium levels, suggesting sufficient native K reserves in
the soil. The highly significant Y X FA interaction (p<0.01) indicated strongly
divergent treatment responses between years (Table 3). In Y1, the control
provided the highest K (7.639 g kg'), suggesting sufficient native soil K
reserves under drier conditions. In Y2, CMCF achieved the highest K
(7.121 g kg'), emphasizing the synergistic effect of combining organic and
mineral sources under favorable moisture conditions (Table 4 and Figure 2a).
Similar findings were observed by Kandil et al. (2020), who reported that
natural soil K reserves can sustain crop requirements under favorable
climatic conditions. The enhanced K levels in the organomineral treatments,
particularly CMCF, emphasize the synergistic effect of combining organic
and mineral sources, which improves root uptake and K retention in the soil.
The K element content in the grain was found to be higher in the VCF appli-
cation than in the CF application, aligning with observations that biofertili-
zers containing beneficial microorganisms can enhance potassium availabili-
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ty and uptake (Ghasemi-Tabasi et al. 2023). The K content in the grain was
found to be lower in applications of CM (cattle manure) and V (vermicompost
manure) compared to the control application. These findings are consistent
with the data reported by Citak et al. (2011) for applications of 1000 and
2000 kg ha' vermicompost and 15 000-30 000 kg ha! farmyard manure in
spinach plants. Conversely, the K content in the grain was higher in the
CMCF (cattle manure + chemical fertilizer) organomineral fertilizer applica-
tion than in the chemical fertilizer application alone. These results align
with the findings of Alauddin et al. (2022) and Gholamhoseini et al. (2013).

Magnesium (Mg)

Magnesium (Mg) content varied significantly among the treatments,
ranging from 1.41 to 2.66 g kg! (Table 4). The year effect was the most pro-
nounced factor affecting Mg content (p<0.01, Table 3), with Y2 exhibiting
a significantly higher Mg concentration than Y1 (2.425 vs. 1.751 g kg?). This
pronounced difference likely reflects cumulative organic matter mineraliza-
tion and improved soil biological activity in the second season. As shown in
Table 3, the Y x FA interaction was also highly significant (p<0.01), with G3
reaching the highest Mg in Y2 (2.609 g kg!) and CM1 ranking highest
in Y1 (1.870 g kg'!). The G3 (gyttja 80 000 kg ha') and CM1 (cattle manure
10 000 kg ha'') treatments recorded the highest Mg concentrations (2.332
and 2.224 g kg, respectively) — Table 4 and Figure 2b. The second year (Y2)
showed generally higher Mg levels, reflecting cumulative effects of organic
matter mineralization (Table 4). Similar trends were reported by Citak et al.
(2011) and Thomas et al. (2019), emphasizing that sustained organic inputs
improve Mg bioavailability through enhanced root growth and microbial
activity.

Nitrogen (N)

Seed nitrogen content ranged between 1.700 g kg?! and 1.920 g kg?,
showing significant variation among treatments and years. Unlike most oth-
er nutrients, the year effect for N was not significant, indicating stable nitro-
gen accumulation across seasons. However, the significant Y X FA interac-
tion (p<0.01) indicated that the magnitude of treatment responses varied
across years (Table 3). Despite this year-to-year variation, CMCF consistently
resulted in the highest nitrogen content in both years (1.880 g kg'!in Y1 and
1.860 g kg' in Y2), exceeding the values obtained under all other ferti-
lizer treatments (Table 4). The consistency of this response across years
suggests that the organomineral fertilizer combination may provide a stable
and effective approach for enhancing nitrogen accumulation under different
seasonal conditions. The highest N value was recorded in the CMCF (cattle
manure + chemical fertilizer) treatment (1.870 g kg'!), followed closely by G1
(1.830 g kg') and G3 (1.820 g kg?). In contrast, the lowest N values occurred
in the vermicompost (V1) and control treatments (Table 4 and Figure 2b).
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These results suggest that organic amendments, particularly cattle manure,
provided sustained release of nitrogen through mineralization, resulting
in improved uptake and grain accumulation. Similar findings were reported
by Ghasemi-Tabasi et al. (2023) and Koskey et al. (2022), who demonstrated
that vermicompost and cattle manure enhance soil microbial activity and
nitrogen bioavailability. Furthermore, organomineral combinations (CMCF
and VCF) outperformed the chemical fertilizer alone, likely due to improved
nutrient synchronization and soil structure (Al-Tawarah et al. 2023).

Phosphorus (P)

Phosphorus concentration in the seeds ranged from 1.92 to 5.41 g kg
and was significantly influenced by year, fertilizer type, and their inter-
action. The CMCF and CM1 treatments achieved the highest P values
(4.035-4.036 g kg'!), whereas the chemical fertilizer (CF) treatment resulted
in the lowest P content (3.180 g kg'). The year effect was the strongest
detected in this study (p<0.01), with Y2 mean (4.812 g kg!) nearly double
that of Y1 (2.522 g kg'). This large between-year difference is attributed
to the wetter 2022 season, which substantially promoted soil P mineraliza-
tion. Due to the highly significant Y X FA interaction (p < 0.01), treatment
comparisons are most meaningful within each year (Tables 3 and 4). In Y1,
CMCF induced the highest P (3.127 g kg?); in Y2, CM1 and CM2 reached
the highest values (5.411 and 5.377 g kg respectively), while CF remained
the lowest in both years (Table 4 and Figure 2c¢). The increase in phosphorus
uptake during the second year is attributed to improved soil biological acti-
vity and organic matter decomposition that enhanced P solubility and plant
availability (Sireesha et al. 2019). These results confirm earlier reports that
organic fertilizers, particularly manure-based ones, promote P mobilization
by stimulating soil enzymes such as phosphatase (Citak et al. 2011).

Micronutrient contents in sunflower seeds

Significant differences were also observed in the micronutrient concen-
trations (Cu, Fe, Mn, Mo, Na, and Zn) across fertilizer applications.
All micronutrients showed highly significant Y X FA interactions (F-values:
9.63-178.57, p<0.01, Tables 5 and 6). Year effects were significant for Fe,
Mn, and Zn (p<0.01), but not significant for Cu, Mo, and Na (Table 5 and
Figure 3). Overall, the incorporation of organic and organomineral fertilizers
led to improved micronutrient accumulation, particularly of zinc, manganese,
and iron.

Copper (Cu)

Copper concentrations ranged from 5.59 to 9.63 mg kg, with the highest
values in the control and CMCF treatments. The relatively higher Cu levels
in the control suggest that native soil Cu was adequate, while the organic
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Table 5

Analysis of variance for macronutrient (Cu, Fe, Mn, Mo, Na and Zn) concentrations
in confectionery sunflower seeds as affected by year (Y), fertilizer application (FA),
and their interaction (Y X FA).

Trait Source of dar MS F P Sig.
variation

block 2 0.28041350 14.859195| 0.0000 Rk

year (Y) 0.00000001 0.000001| 1.0000 ns

fertilizer (FA) 11 1.46627910 77.698551| 0.0000 i
Cu (mg kg™)

Y x FA 11 2.63753200 139.763580| 0.0000 ok

error 46 0.01887140

total 71

block 2 4.4249820 4.1924089| 0.0213 *

year (Y) 1844.5523000| 1747.6043000| 0.0000 ok

fertilizer (FA) 11 159.4344600 151.0547300| 0.0000 i
Fe (mg kg™)

Y x FA 11 185.9058300| 176.1347900| 0.0000 ok

error 46 1.0554748

total 71

block 2 0.1602190 16.133551| 0.0000 o

year (Y) 237.5182800| 23917.344000| 0.0000 kit

fertilizer (FA) 11 1.8231318 183.583650 | 0.0000 ik
Mn (mg kg™)

Y x FA 11 1.7758772 178.825260| 0.0000 ik

error 46 0.0099308

total 71

block 2 0.00007350 4.7912140| 0.0129 *

year (Y) 0.00000001 0.0009054 | 0.9761 ns

fertilizer (FA) 11 0.00013431 8.7550028 | 0.0000 kit
Mo (mg kg™

Y x FA 11 0.00014471 9.4332067 | 0.0000 i

error 46 0.00001534

total 71

block 7.01005870 9.1261366 | 0.0005 o

year (Y) 1 0.00000001 0.0000000 | 1.0000 ns

fertilizer (FA) 11 205.02942000 266.9202300| 0.0000 ki
Na (mg kg™)

Y x FA 11 109.15400000 142.1035600| 0.0000 i

error 46 0.76812990

total 71

block 32.7246290 20.396003 | 0.0000 o

year (Y) 1 52155.5640000 | 32506.557000| 0.0000 o

fertilizer (FA) 11 87.4351600 54.494972| 0.0000 ki
Zn (mg kg")

Y x FA 11 41.8726500 26.097612| 0.0000 ok

error 46 1.6044629

total 71

df — degrees of freedom, MS — mean square, F — F value, ns — not significant, * significant
at p<0.05, ** significant at p<0.01
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Fig. 3. Effects of different fertilizer applications on Cu and Fe (a), Mn and Mo (b)
and Na and Zn (c¢) concentrations across two experimental years
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amendments likely moderated its uptake. As shown in Table 5, the year
effect for Cu was not significant, indicating that Cu accumulation in sunflower
seeds was stable across the two growing seasons and not influenced by the
contrasting climatic conditions of 2021 and 2022. This stability may be
attributed to the relatively low mobility of Cu in soil and its strong binding
to organic matter, making it less sensitive to year-to-year variation in precipi-
tation or temperature. Nevertheless, the Y X FA interaction was highly
significant (p<0.01), demonstrating that treatment effects on Cu varied con-
siderably between years despite the absence of a significant main year effect
(Table 5). In Y1, the control yielded the highest Cu (6.426 mg kg'), while
in Y2 the control reached the highest value (9.630 mg kg?), suggesting that
native soil Cu reserves were sufficient in the absence of fertilization (Table 6
and Figure 3a). Among organic treatments, gyttja-based applications gene-
rally depressed Cu compared with the control, possibly due to complexation
of Cu with humic substances present in gyttja. The higher Cu values recor-
ded with organomineral combinations (CMCF: 7.296 mg kg!) reflect the con-
tribution of cattle manure to Cu availability, consistent with findings by
Thomas et al. (2019), who reported that organic matter decomposition releases
Cu into soil solution. Furthermore, organic matter from these applications
can increase microbial exudates, thereby enhancing the bioavailability of
micronutrients such as Cu to plants (Shiwakoti et al. 2019). Nevertheless,
the increasing Cu concentration with higher manure doses indicates that
organic inputs stimulate microbial exudates that release Cu into the soil
solution (Dragicevié¢ et al. 2022).

Iron (Fe)

Iron concentrations ranged between 9.28 and 52.10 mg kg'!, with the
highest values recorded in the G2 (gyttja 20000 kg ha'!) treatment, followed
by V1 and CMZ2. Although Fe levels declined in the second year, the residual
organic matter from manure and gyttja likely maintained adequate Fe
availability. A highly significant year effect was detected (p<0.01, Table 5),
with Y1 recording substantially higher Fe means (24.917 mg kg') than Y2
(14.794 mg kg?'). This suggests that the drier 2021 conditions, which may
have promoted mild soil reducing conditions under intermittent irriga-
tion, favored Fe availability. The exceptionally high Fe value in Y1 x G2
(52.10 mg kg') drove much of the year-one advantage (Table 6). The Y x FA
interaction was also highly significant (p<0.01, Table 5 and Figure 3a).
Similarly, the application of CM1 resulted in a copper content of 6.0 and 5.8
mg kg! in cotton, which was notable, given that molybdenum content was
1.10 and 1.05 mg kg'!, and zinc was 14.0 and 13.8 mg kg! (Niyazaliev et al.
2023). This agrees with findings by Taaime et al. (2024), who reported that
organic inputs enhance Fe mobility by chelation and microbial mediation
in soil.
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Manganese (Mn)

Manganese content varied significantly between years and treatments,
ranging from 1.02 to 7.40 mg kg'. The year effect for Mn was the largest
among micronutrients (p<0.01, Table 5), with Y2 mean (5.410 mg kg?) far
exceeding Y1 (1.777 mg kg?'). Despite this large year-driven baseline shift,
CM1 ranked highest in both years (Y1 x CM1: 2.144 mg kg'; Y2 x CM1:
7.398 mg kg'), demonstrating the consistent Mn-enhancing effect of cattle
manure. The highest Mn accumulation occurred in CM1 (4.77 mg kg?), par-
ticularly during the second year (Table 6 and Figure 3b). The consistent in-
crease in Mn with organic fertilizers indicates that manure improves soil
redox conditions, promoting Mn solubility (Singh et al. 2024). Conversely,
chemical fertilizer alone was less effective in maintaining Mn levels,
likely due to limited microbial activity and reduced soil buffering capacity
(Shiwakoti et al. 2019).

Molybdenum (Mo)

Molybdenum content varied between 0.099 and 0.127 mg kg, with the
highest values found in V2 and CM1 treatments. As indicated in Table 5,
the year effect for Mo was not significant (ns), confirming that seasonal
climatic variability between 2021 and 2022 did not meaningfully alter Mo
accumulation in sunflower seeds. Molybdenum availability in soil is known
to increase with soil pH and is relatively stable under the neutral to slightly
alkaline conditions typical of Kahramanmarag agricultural soils, which may
explain the absence of a year effect. Despite the non-significant year main
effect, the Y x FA interaction was highly significant (p<0.01, Table 5), indi-
cating that the response of seed Mo concentration to specific fertilizer treat-
ments differed between the two seasons. In Y1, V2 recorded the highest Mo
(0.113 mg kg!), followed by CM1 and VCF (both 0.113 mg kg?!). In Y2, CM1
yielded the highest Mo (0.127 mg kg'!), followed by V2 (0.127 mg kg!), sug-
gesting that vermicompost and cattle manure applications most consistently
enhanced Mo uptake across both years (Table 6 and Figure 3b). This is like-
ly linked to the role of these organic amendments in maintaining soil pH and
promoting microbial activity, which facilitates Mo mineralization and uptake
(Adeleke, Babalola, 2020). Mo availability is strongly influenced by soil pH
and the presence of Ca and Mg (Sha et al. 2017), explaining the positive
effects observed in manure treatments. Additionally, the application of orga-
nic amendments can paradoxically increase or decrease sodium concentration
in plants depending on the specific soil conditions and the form of sodium
present, with some studies indicating that high levels of soil organic matter
can lead to strong retention of sodium (Sha et al. 2017). Additionally, the
presence of certain fertilizers, particularly those containing calcium and
magnesium, has been shown to create favorable conditions for molybdenum
feeding in plants (Niyazaliev et al. 2023).
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Sodium (Na)

Sodium levels ranged from 26.86 to 63.29 mg kg'!, with the highest val-
ues in the control plots and the lowest in the chemical fertilizer treatment.
These results indicate that excessive mineral fertilization may reduce Na
uptake by altering ionic balance in the soil. As shown in Table 6, the year
effect for Na was not significant (ns), indicating that the contrasting precipi-
tation and temperature conditions between 2021 and 2022 did not result in
a systematic shift in seed Na accumulation (Table 5). However, the Y x FA
interaction was highly significant (p<0.01, Table 5), demonstrating markedly
different treatment responses between years. In Y1, the control recorded the
highest Na (39.283 mg kg!), whereas in Y2 it reached 63.287 mg kg! — the
highest value across all treatment X year combinations. This pronounced
increase in the unfertilized control in Y2 may reflect greater Na uptake from
soil solution under wetter conditions, as Na mobility increases with soil
moisture (Table 6 and Figure 3c). The consistent pattern across both years
— where chemical fertilizer (CF) recorded the lowest Na and the control the
highest — suggests that Na and essential mineral nutrient uptake are
inversely related: fertilized plants may dilute Na through enhanced biomass
and seed development. Among organic treatments, cattle manure applica-
tions (CM1, CM2) maintained intermediate Na levels in both years, while
gyttja and vermicompost showed variable responses across seasons, consis-
tent with the significant Y X FA interaction detected (Alzamel et al. 2022).
The relatively stable Na levels under organic management align with find-
ings of Mbarki et al. (2022), who emphasized that soil amendments influence
Na retention and transport in plant tissues. Additionally, high sodium con-
tent can negatively impact fundamental plant processes, reducing growth
and overall yield, as observed in studies on sorghum and sunflower plants
(Hurtado et al. 2019). Furthermore, high concentrations of Na can compete
with essential nutrients such as calcium and potassium, leading to deficien-
cies that impair plant growth and development (Lee et al. 2025).

Zinc (Zn)

Zinc levels ranged between 15.05 and 86.42 mg kg!, showing strong
dependence on both treatment and year. Year significantly affected Zn (p<0.01,
Table 5), with Y2 mean (76.967 mg kg') more than three times higher than Y1
(23.139 mg kg?'). Despite this large year effect, the treatment ranking was
largely consistent: CM2 achieved the highest Zn in both Y1 (28.435 mg kg')
and Y2 (86.420 mg kg?), followed by CM1 in Y2 (81.952 mg kg'). The CM2
(20 000 kg ha') and CMCF treatments achieved the highest Zn concentrations
(Table 6 and Figure 3c). The pronounced Zn enrichment under manure-based
fertilization can be attributed to increased organic ligands that enhance Zn
bioavailability (Schweizer et al. 2018). Similar observations were made by
Hinisli (2014), who reported that manure applications improve Zn uptake in
leafy vegetables through chelation and reduced Zn fixation.
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General discussion

The present study clearly demonstrates that fertilizer type exerts a pro-
found influence on the nutritional composition of confectionery sunflower
seeds. Organic and organomineral fertilizers — especially cattle manure
and its combinations with chemical fertilizers — consistently improved both
macro- and micronutrient concentrations compared with the chemical
fertilizer alone. These results highlight the importance of integrating organic
materials into conventional fertilization programs to optimize nutrient
uptake and support sustainable crop nutrition strategies. The observed
enhancement in N, P, K, Mg, and Ca concentrations under organic and
organomineral fertilization treatments suggests that these applications may
contribute to a more efficient nutrient availability and an improved soil
environment for nutrient uptake over time. A particularly noteworthy find-
ing 1s the strong year effect detected for most nutrients (Mg, P, Fe, Mn, Zn:
p<0.01), underscoring the substantial influence of seasonal climatic varia-
bility on nutrient dynamics. The wetter 2022 season promoted organic
matter mineralization and microbial activity, leading to generally higher
nutrient concentrations in Y2. These environmental effects interacted signifi-
cantly with fertilizer treatments (Y X FA: p<0.01 for all traits), confirming
that the magnitude — though not the direction — of treatment responses
varied between years. Main fertilizer effects are therefore interpreted in the
context of within-year comparisons where interactions were significant.
Similar synergistic effects have been reported by Alauddin et al. (2022) and
Gholamhoseini et al. (2013) indicating that organic-mineral combinations
optimize nutrient efficiency in oilseed crops. For micronutrients, increased
levels of Zn, Mn, and Fe under organic and organomineral fertilization
underscore the role of organic matter in improving trace element mobility
and uptake. This is consistent with previous research on the bioavailability
of micronutrients in organically managed soils (Niyazaliev et al. 2023, Senk
et al. 2023). The stable Mo and Na responses further demonstrate that bal-
anced fertilization can prevent nutrient antagonism and ensure composition-
al stability in seeds.

CONCLUSION

The application of organic and organomineral fertilizers was associated
with changes in macro- and micronutrient concentrations of confectionery
sunflower seeds under the conditions of this two-year field experiment.
The strong year X fertilizer application interactions observed for most
nutrients demonstrate that fertilizer responses were season-dependent; con-
sequently, recommendations should not be based solely on pooled treatment
means. Cattle manure and cattle-manure-based organomineral fertilization
were among the most consistently favorable treatments for N, P, Ca, Mg,
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Mn, and Zn, whereas specific gyttja and vermicompost treatments were
advantageous for selected nutrients. These findings support the use of orga-
nic materials as components of integrated nutrient management, but they
do not justify a universal fertilizer recommendation across environments.
This interpretation therefore emphasizes the interaction between fertilizer
source and growing season and the need for multi-environment validation
before making production-scale recommendations.
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