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Abstract

This study investigated the effects of different sulfur fertilizers and nitrogen levels on the
agronomic performance and fatty acid profile of safflower. The experimental treatments
included sulfur application at varying rates and sources: SO (no sulfur application), S25 (25
kg ha"! sulfur from elemental sulfur, ES), S50 (50 kg ha"' sulfur from ES), ZS25 (25 kg
ha' sulfur from zinc sulfate, ZS), and ZS50 (50 kg ha' sulfur from ZS). Nitrogen was
applied at three levels: NO, N40, and N80 (0, 40, and 80 kg ha" nitrogen from urea
fertilizer). The experiment was conducted in Baneh, Iran, in 2021. The entry-by-tester
(treatment-by-trait) biplot analysis, which accounted for 80% of the observed variability,
identified the N80-ZS50 treatment as the most effective in enhancing key traits, including
yield, oil content, and specific fatty acids such as linolenic acid. Additionally, other
unsaturated fatty acids, including oleic, linoleic, and arachidic acids, exhibited higher
concentrations under the NO-S50 treatment. A positive correlation was observed between
fatty acid composition, oil content, and protein, as well as among various agronomic traits.
Based on overall performance and trait differentiation, N80-ZS50 emerged as the optimal
treatment, followed by N80-S25. Trait discriminative analysis highlighted stearic acid, olil
content, and linolenic acid as key determinants in safflower evaluation. These findings
underscore the significant influence of sulfur and nitrogen fertilization on safflower
characteristics, demonstrating the benefits of their combined application. The N80-ZS50
treatment (80 kg ha! nitrogen and 50 kg ha-! sulfur from zinc sulfate) is recommended to
enhance safflower performance in upland semi-arid regions.
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1. Introduction

Following cereal crops, oilseeds are the second important source of enteric foods in
mankind and livestock nutrition and among the oilseed crops, safflower provides a lot in
terms of seed oil quality and medicinal properties. Safflower (Carthamus tinctorius L.) is
one of the old-world crops with a history of cultivation of about 4000 years in the world. It
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is also a crop that is widely adaptable to different regions (Cheng et al., 2024). It is
produced in almost 18 countries. Its cultivated area in the world in 2022 was 1.12 million
ha, and its seed production was 948 kg ha'. The area under safflower cultivation in Iran
was equal to 36500 ha, with a mean performance of 1325 kg ha-'. However, according to
the high yielding record, countries such as Mexico (2000 kg ha™), Tajikistan (1600 kg
ha'), China (1500 kg ha'), and the United States (1400 kg ha''), have the highest
sunflower yield in the world (Rostami et al., 2023). Safflower has valuable characteristics
of compatibility with arid and semi-arid climatic conditions. Furthermore, it is of high oil
quality, and tolerance to abiotic stress. It also has spring and autumn types. The superior
quality of the oil and greater tolerance to adverse environmental conditions such as
dryness and salinity have led to numerous studies on safflower (Rahnama et al., 2024). In
arid and semi-arid areas, soil organic matter is a natural source of nitrogen required by the
plant and the presence of stressors decreases its availability. In such regions, water stress
is the main obstacle to nitrogen absorption; therefore, under moisture stress, nitrogen
shortage becomes the main factor restricting yield productivity. Nitrogen is important for
crop growth and development, and attention should be paid to its amount and management
of its use during the plant growth cycle (Zanetti et al., 2022). It is an important and vital
element for plants, which is present in the structure of proteins, nucleic acids and
chlorophyll. Application of a sufficient amount of nitrogen and its availability in sensitive
phenological stages of plant growth can increase crop yield (Manvelian et al., 2021). Thus,
it should be kept in mind that high nitrogen application may affect the partitioning of
photoassimilates, the ratio of carbohydrates to protein, and the proportion of oil in the
achene.

Sulfur is one of the essential nutrients for all living organisms, and it is used as an
amendment to reduce soil pH. It is widely used in arid and semi-arid environments to
improve the properties of sodic and saline-sodic soils and to increase the absorption of
low-use nutrients such as zinc, iron and phosphorus. The optimal ratio of nitrogen to sulfur
concentration in plant systems is about 10-15, but in oilseed plants, sulfur is involved in
various processes of oil biosynthesis, and hence an optimal ratio of N to S below 10 can
improve the quantity and quality of oil production (Tian et al., 2020). Sulfur is used to make
proteins and enzymes by participating in the building of amino acids, methionine and
cysteine. Also, sulfur is involved in the synthesis of chlorophyll, vitamins thiamine and
biotin, glutamine and coenzyme A and increases plant resistance to drought stress
conditions. Sulfur protects plants from diseases, drought and cold and prevents the
accumulation of nitrates in plant tissues (Fatma et al., 2016). Application of sulfur increases
dry matter production and improves yield components of safflower like high capitula per
unit area (Janmohammadi et al., 2017). Considering the importance of safflower as an
oilseed crop, as well as calcareousness and high acidity of Iran's soils, and the
unaviailability of many nutreints at high pH, the need to use sulfur with the aim of increasing
oil production in the plant and improving the soil condition is obvious.

The interaction of elements on the growth and performance of field crops is
important, especially between nitrogen and sulfur elements, which have a main influence
in the life cycle of safflower plants. The interaction of sulfur and nitrogen is important in
creating a balance for sulfur through their influence on photosynthesis processes,
carbohydrate production, and allocation of photoassimilates to oil or protein biosynthesis
pathways. Kulczycki (2021) reported a positive interaction between nitrogen and sulfur
sulfate on grain yield, oil percentage and absorption of nutrients in rapeseed and winter
wheat (Kulczycki, 2021). Considering the high solubility of nitrogenous fertilizers and the
limited development of the roots of agricultural plants at the beginning of the planting time,
it is necessary to carry out accurate experiments in relation to the appropriate amount of
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consumption of these fertilizers in different agricultural plants in order to prevent the
excessive use of chemical fertilizers and to increase fertilizer use efficiency. Considering
the impact of nitrogen application on key processes such as photosynthesis and the
possibility of interaction between N and S, it is necessary to improve the absorption and
effect of sulfur by optimally supplying nitrogen. Thus, this research was performed to
investigate the effect of sulfur fertilizer consumption at different levels of nitrogen on
safflower agronomic traits and fatty acid profile.

2. Materials and Methods

Research was conducted in a split-plot layout based on a randomized complete block
design with three replicates, in Baneh (35°59'N, 45°53'E), Iran, during the 2021 growing
season which had 150 mm of rainfall across the growing period. The soil texture was sandy
clay loam, and some properties of the soil are given in Table 1. The main plot was sulfur
as S1 (no usage), S25 (25 kg ha' sulfur from elemental sulfur fertilizer, ES), S50 (50 kg
ha' sulfur from ES), Zs25 (25 kg ha' sulfur from zinc sulfate, ZS), Zs50 (50 kg ha-' sulfur
from ZS). The sub-plots were nitrogen usage as NO, N40 and N80 (no application of
nitrogen and utilization of 40 and 80 kg ha-' nitrogen from urea fertilizer, respectively). The
plot size was 16 m=2 (8 rows with 4 m in length). Sulfur treatments were applied before
sowing while nitrogen treatments were used at the sowing, stem elongation and capitulum
presence. Variety ZY-S, a widely cultivated variety in Iran, was planted by hand in April at
a depth of 3 cm, with 50 cm inter-row and 10 cm intra-row spacing. Irrigation was performed
after sowing and weeding was done manually.

Table 1. The results of the soil physico-chemical analysis of the studied field

pH ocC TN CaCos EC Fe Mn P K
(%) (%) (%) (dsm™") (ppm) (ppm) (ppm) (ppm)
768 051 0.26 17 2.15 15 7.09 16.28 625

OC: organic carbon, TN: total nitrogen, EC: electrical conductivity

From ten randomly selected plants from each experimental unit, plant height (PH)
was recorded. Seed yield (SY) was evaluated by harvesting the middle six rows of plants
in each experimental plot (9 m2) and threshing and separating the seeds. From the total
harvested seeds in each experimental plot, a random cup of seeds was selected for
measuring the thousand seeds weight (TSW). The chlorophyll content (CHL) was recorded
using a SPAD-02 Plus chlorophyll meter (Konica Minolta Optics, Japan). Also, oil percent
(OIL), ash percent (ASH) and protein content (PRO) were measured. Oil extraction was
performed by mixing seed samples with hexane at a ratio of 1:5 and stirring for 24h. For
the methyl ester process, 50 mL was poured into a tube (with a lid) that contained 1 mL of
hexane, and the contents were shaken with 100 yL of sodium methoxide in methanol (30%
solution) (Ortega et al., 2008). The hexane layer was removed, and sodium sulfate was
used to eliminate the moisture. For injection into gas chromatography (Agilent 6890N,
USA), 1 pL of the hexane phase was gathered. It was supplied with a FFAP-TC capillary
column and an FID detector, and nitrogen was the carrier gas used to obtain the fatty acids
profile as oleic acid 18:1 (OLE), stearic acid 18:0 (STE), palmitic acid 16:0 (PAL), linoleic
acid 18:2 (LINL), linonenic acid 18:3 (LINN) and arachidic acid 20:0 (ARA).



Sabaghnia & Janmohammadi Curr. Appl. Sci. Technol. 2026, Vol. 26 (No. 1), 0264396

The data were subjected to analysis using the tester biplot model (Yan, 2019) via
the GGEbiplot software. Although the genotype (G) plus genotype by environment (GE)
interaction model as GGE (G+GE) is used for stability analysis, this method can be used
for any two-way layouts like treatment by trait (TT) interactions (Yan, 2019). This model
can be effectively adapted for treatment-by-trait evaluation by treating treatments as
genotypes and traits as testers. This approach enables researchers to visualize which
treatments perform best for specific traits, identify trait correlations, and detect key
discriminative traits, ultimately guiding treatment recommendations. This method simplifies
complex relationships, aiding optimal treatment selection and trait prioritization in
agronomic and quality trait studies. However, the TT biplot model shows graphic grasp
from interaction structure of measured traits (testers) across treatments (entries) as:

— 2

a;j—b
US L = Z anﬁinyjn + Eij

j

n=1

Where aj is the mean of each treatment or entry i for each trait or tester j, E] is the mean of
entries for tester j, S;is the standard deviation of tester j for entries, an is the eigenvalue for
principal component, PC n, Bin and yjn are values for entry i and tester j on PC n, and ¢&jj is
the residual term of the fitted equation related to treatment i for trait j. Also, for obtaining
symmetrical scales of testers and entries, the eigenvalue is corrected through vector
absorption, so a normal presentation of testers and entries can happen. The entry by tester
interaction biplots were generated by these symmetric scales, and each entry or tester is
shown by a special sign.

3. Results and Discussion

The first and second PCs explained 80% of the variability (Figure 1); the first PC contributed
58%, and the second PC contributed 22% to the explained variance. This described
variability of the entry by tester interactions demonstrated the important role of additive and
crossover types of interactions, so ranks of treatments across traits were different, which
is in accordance with previous findings for sunflower (Sabaghnia & Janmohammadi, 2023).
These findings indicate that the effects of entry with tester interaction should be considered
in interpretations and in this context the use of the biplot method is useful and
recommended.

It was previously reported that the biplot model provided an effective method of
exploring treatments and traits (Sabaghnia et al., 2024). Figure 1 shows the visual
response of nitrogen and sulfur fertilizers and indicates which treatments were better than
others in target traits. Most traits, including agronomic traits like PH, SY, CHL, and TSW;
and some fatty acid profile consisting of STE, PAL, and LINN acids, as well as oil percent
(OIL) and protein content (PRO), were grouped in the section of N80-Zs50. The N0O-S50
was the best treatment for obtaining high levels of OLE, LINL, and ARA acids. Finally, NO-
SO indicated high amounts for ash percent (ASH) while the other remained vertex
treatments (N40-S0 and N80-S0) were not the best for the measured traits (Figure 1). Thus,
the yield performance of safflower is more related to yield components like thousand seed
weight; and unsaturated linonenic acid as well as saturated stearic acid, under usage of 80
kg ha' nitrogen and 50 kg sulfur from Zs, respectively. It was previously shown that linoleic
acid was the important oil component of safflower and the most favorable cultivars had
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Figure 1. Biplot showing the best treatment combinations and the traits affected by them
in safflower under different levels of nitrogen and sulfur application. Treatment
combinations are five sulfur levels: SO (no usage), S25 (25 kg ha-' sulfur from

elemental sulfur), S55 (50 kg ha' sulfur from elemental sulfur), Zs25 (25 kg ha™'
sulfur from zinc sulfate), Zs50 (50 kg ha! zinc sulfate), and three nitrogen levels as
NO (0 kg ha'), N40 (40 kg ha'') and N80 (80 kg ha™"). Traits are: PAL, palmitic acid
16:0; STE, stearic acid 18:0; OLE, oleic acid 18:1; LINL, linoleic acid 18:2; ARA,
arachidic acid 20:0; LINN linonenic acid 18:3; OIL, oil percent; ash percent (ASH);
PH, plant height; SY, seed yield (SY); TSW, thousand seeds weight; and CHL,
chlorophyll content.

simultaneously high yield performance and linoleic acid levels (Amirkhiz et al., 2021).
However, the entry by tester biplot provided clear insights into the reaction of safflower
traits under various fertilizer treatments and facilitated the detection of the best treatment.
Thus, for practical advice, application of a high rate of nitrogen and sulfur can be
considered for safflower production by farmers of semi-arid regions.

The correlation among testers (Figure 2) indicates the relationships among
measured traits of safflower. Among traits where the angle between them is small and
sharp, the correlations are positive and significant. Traits are positively associated with
angles lower than 90°, negatively correlated with larger than 90°, and no association is
indicated with 90° angle (Yan, 2019). Larger trait lines show significance, while shorter
vectors indicate no significance and traits at the center position have no significant relation
with others (Yan, 2019). Figure 2 indicates that the fatty acid profile, oil and protein were
positively related, regarding the small acute angles among them. Additionally, agronomic
traits (PH, SY, and TSW) and CHL were positively associated with acute positions. In
contrast, there was a negative relation between ASH and fatty acid profile, as
demonstrated by the obtuse positions (Figure 2). The relation between ASH and agronomic
traits was relatively zero due to their 90° angle as well as the relation between fatty acid
profile and agronomic traits. The predictions of entry by tester interaction biplot models for
trait relations aligned well with those found in the numerical correlations (Table 2), but there
were some minor inconsistencies that slightly reduced the accuracy of the interpretation. It
was found that the safflower oil contained unsaturated fatty acids (oleic, linoleic and
linonenic) and saturated acid (stearic), which were related positively, making it a desirable
source of healthy food oil that could reduce the percentage of undesirable fats such as
cholesterol in end consumers (Amirkhiz et al., 2021).
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Figure 2. Graphic presentation of interrelationships among measured traits of safflower.
Traits are: PAL, palmitic acid 16:0; STE, stearic acid 18:0; OLE, oleic acid 18:1;
LINL, linoleic acid 18:2; ARA, arachidic acid 20:0; LINN linonenic acid 18:3; OIL, oil
percent; ash percent (ASH); PH, plant height; SY, seed yield (SY); TSW, thousand

seeds weight; and CHL, chlorophyll content.

Table 2. Parsons coefficient of correlations among measured traits of safflower

PH CHL TSw §SY Ash Oil Pro Pal Ste Ole Linl Ara
CHL 093
TSW 072  0.69
SY 0.84 066 0.77
Ash  -0.33 -020 -048 -0.40
Qil 037 023 044 042 070
Pro 026 014 046 038 -0.82 0.80
Pal 021 006 030 033 -078 078 0.86
Ste 034 025 054 045 -084 063 075 073
Ole 016 007 030 020 -079 083 086 090 0.82
Linl 015 006 022 020 -077 065 081 075 072 0.78
Ara -0.04 -005 -0.08 -009 -028 028 030 018 014 024 046
Linn 037 029 042 038 -080 08 085 077 070 084 080 0.39

Critical correlation values, degrees of freedom =19 and P < 0.01 are 0.43 and 0.55, respectively.
Traits are: PAL, palmitic acid 16:0; STE, stearic acid 18:0; OLE, oleic acid 18:1; LINL, linoleic acid
18:2; ARA, arachidic acid 20:0; LINN linonenic acid 18:3; OIL, oil percent; ash percent (ASH); PH,
plant height; SY, seed yield (SY); TSW, thousand seeds weight; and CHL, chlorophyll content
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According to correlation coefficients (Table 2), seed yield had positive correlation
with yield components like number of capitula per plant, seeds per plant and thousand
seed weight but it did not show any relation with fatty acid profile except for stearic acid.
Also, oil percent had positive associations with seed yield performance and some yield
components like thousand seed weight, while it indicated a high positive relation with all
fatty acid profile except arachidic acid (Table 2). Relatively good positive relations were
observed among morphological traits as well as among components of fatty acid profile.

The distinction potential of a treatment for traits and its typical ability for indicating
the main characteristics of a treatment based on the traits can be obtained by an
assumptive treatment which is known as perfect position (Figure 3), the best treatments
are close to this location; but treatments of the other side are the worst. Thus N80-Zs50
followed by N40-S50, N80-S50 and N40-Zs50 were perfect treatments because they were
the closest entries to the position while NO-SO (0 nitrogen application and no sulfur usage)
following to N40-S0 (40 kg ha' nitrogen and no sulfur application), were on the other side
and far from this position, so they are the most undesirable treatments regarding the
distinction and typical abilities. The perfect treatments can be regarded as ideotypes that
showed high performance of most traits, so the problem appears once the associations of
traits are not always significant. Thus, these issues are serious in safflower production, in
which seed yield and quality characteristics like fatty acid profile or other agronomic traits
are important for obtaining high yield performance. However, utilization of multivariate
statistical models with visual output has more importance toward the ideotype treatment
identification in safflower. Finally, the best treatment was detected as N80-Zs50, so usage
of high nitrogen and sulfur from the source of zinc sulfate is useful for obtaining the best
results. This was in agreement with the findings of Ghafoor et al. (2021), who found that
the higher absorption of nitrogen and sulfur, and higher yield performance were obtained
with higher nitrogen application. The findings indicated the existence of reciprocal effects
between N and S. It seems that the use of S in relatively alkaline soils of semi-arid regions
can increase nitrogen absorption and fertilizer use efficiency by adjusting pH and
optimizing rhizosphere soil conditions (Baljani et al., 2015).

The discriminating and representativeness abilities among different traits in terms
of the effectiveness of fertilizer treatments largely depend on their standard deviation and
the high ability is the close distance to the position of the perfect trait (Figure 4), so the
most favorable traits are close to this place while traits of the other side are not the best.
Thus, it can be grasped that STE, OIL, and LINN had shown high discriminating and
representativeness abilities. However, this ability for all of the other remaining traits except
ASH was higher than the mean of the discriminating ability. So they were significantly
affected by the applied treatments (Figure 4). Also, the typical ability for presenting the
figurative characteristics of a trait is determined by its angle with the horizontal axis as the
mean of all traits, and a tiny angle indicates the higher discriminating and
representativeness abilities for the evaluated trait. Thus, the more favorable traits (STE,
OIL, and LINN) had small angles with this axis and indicated more typical ability. In
contrast, the other traits (CHL, ARA, and LINL) showed large angles and had relatively
lower typical ability (Figure 4). Similarly, it was shown that capitula of plants followed by oil
percent and harvest index had the highest discriminative ability in safflower (Ebrahimi et
al., 2023) while other findings suggest that seeds of capitulum and yield performance were
the traits that had more discriminating ability in safflower (Suman et al., 2023).
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Figure 3. Ranking fertilizer treatments based on measured traits of safflower. Treatment
combinations are five sulfur levels: SO (no usage), S25 (25 kg ha-' sulfur from
elemental sulfur), S55 (50 kg ha' sulfur from elemental sulfur), Zs25 (25 kg ha™
sulfur from zinc sulfate), Zs50 (50 kg ha' zinc sulfate), and three nitrogen levels as
NO (0 kg ha'), N40 (40 kg ha') and N80 (80 kg ha™"). Traits are: PAL, palmitic acid
16:0; STE, stearic acid 18:0; OLE, oleic acid 18:1; LINL, linoleic acid 18:2; ARA,
arachidic acid 20:0; LINN linonenic acid 18:3; OIL, oil percent; ash percent (ASH);
PH, plant height; SY, seed yield (SY); TSW, thousand seeds weight; and CHL,
chlorophyll content.
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Figure 4. Ranking of traits according to discriminating and representativeness abilities.
Traits are: PAL, palmitic acid 16:0; STE, stearic acid 18:0; OLE, oleic acid 18:1;
LINL, linoleic acid 18:2; ARA, arachidic acid 20:0; LINN linonenic acid 18:3; OIL, oil
percent; ash percent (ASH); PH, plant height; SY, seed yield (SY); TSW, thousand
seeds weight; and CHL, chlorophyll content.
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The effects of fertilizer treatments in terms of yield performance are shown in
Figure 5, where an axis is determined as the line of yield and an arrow shows its direction.
Therefore, N80-S25 (application of 80 kg ha™! nitrogen and 25 kg ha! sulfur from elemental
sulfur) and N80-Zs50 (application of 80 kg ha' nitrogen and 50 kg ha' sulfur from zinc
sulfate sulfur) were the most favorable fertilizer treatments regarding the yield performance
while NO-SO (no application of nitrogen and sulfur) were the most undesirable treatments
in this character (Figure 5). The interval of treatments from the SY axis is the measure of
standard deviation, so smaller intervals are more favorable; thus, treatment N80-S25 was
chosen with low variation. For example, treatment N40-S0 (40 kg ha™! nitrogen and no
sulfur usage) had a low yield that was even lower than mean performance (blue axis) and
had a larger interval from the SY axis, so it showed more variation, and was thus one of
the most unfavorable treatments. The usage of nitrogen and sulfur caused seed yield
increase which emphasizes the role of nutrients in increasing vascular loading and
transferring more photoassimilates to major and economic sinks such as seeds. This is an
essential issue in the management of safflower especially in rainfed conditions in semiarid
environments (Gursoy, 2023). For obtaining high seed yield in safflower, balancing plant
nutritional components is important. Therefore, in sodium and saline-sodium soils of semi-
arid regions, the use of nitrogen without sulfur is not efficient.

PC1 = 58%, PC2 = 22%, Sum = 80%
4 Transform = 0, Scaling = 1, Centering = 2
Model =2, SVP =2
¥ N80-S0
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Figure 5. Biplot showing seed yield behavior against nitrogen and sulfur fertilizer levels.
Treatment combinations are five sulfur levels: SO (no usage), S25 (25 kg ha-' sulfur
from elemental sulfur), S55 (50 kg ha-' sulfur from elemental sulfur), Zs25 (25 kg
ha! sulfur from zinc sulfate), Zs50 (50 kg ha! zinc sulfate), and three nitrogen
levels as NO (0 kg ha'), N40 (40 kg ha') and N80 (80 kg ha'). Traits are: PAL,
palmitic acid 16:0; STE, stearic acid 18:0; OLE, oleic acid 18:1; LINL, linoleic acid
18:2; ARA, arachidic acid 20:0; LINN linonenic acid 18:3; OIL, oil percent; ash
percent (ASH); PH, plant height; SY, seed yield (SY); TSW, thousand seeds
weight; and CHL, chlorophyll content.
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This investigation indicated that the fatty acid profile of safflower, consisting of
saturated and unsaturated components, was influenced by nutrition management and the
magnitude and source of applied fertilizers, which could affect the qualitative properties of
oil. However, the soils of semiarid environments face infertility problems and nutrimental
shortages, and problems include high soil pH, and the low absorbent ability of nutrients,
which can influence the quality of the oil (Mekdad et al., 2022). However, the usage of 50
kg ha' elemental sulfur was essential for obtaining high quality oil with unsaturated fatty
acids like linoleic, and oleic acids. Similarly, the results of other researchers emphasized
the joint management of sulfur and nitrogen in rapeseed, regarding a balance between
sulfur and nitrogen instead of using a single nutrient, which could result in high quality oil
(Chmielewska et al., 2021).

These conclusions point to the occurrence of synergic relations among nutrients,
so providing one nutrient with the optimal amount enhances the absorption of another
nutrient, which increases the development and growth of crops and results in high quality
and quantity of yield performance. One of the issues of interaction between sulfur and
nitrogen is their influence on sulfite reductase, and nitrogen can decrease the enzymatic
inhibition process (Otwell et al., 2021). Sulfite reductase had a significant role in crop
growth such as in the light reaction operation of the photosynthetic system. Considering
the circumstances of soils in semi-arid environments, a shortage of zinc should also be
considered due to the high positive influence of zinc sulfate on seed yield and fatty acid
profile. Thus, it will be interesting to investigate the interaction of zinc with sulfur and
nitrogen, in the future. Finally, the results indicate that due to the synergistic effects
between nitrogen and zinc, when 80 kg of nitrogen is consumed, the effect of zinc on the
plant also increases. However, the source from which zinc is supplied is somewhat
influential. Supplying zinc from zinc sulfate, due to the pH-reducing property of this fertilizer,
affected plant growth in a better way. It seems that supplying zinc through the use of high
levels of zinc sulfate improved the chemical conditions in the rhizosphere environment of
safflower, and under those conditions nitrogen also showed its effect in a better way. Semi-
arid regions have soil with relatively unfavorable physical and chemical conditions due to
the lack of rainfall.

The results obtained in this study emphasized the existence of synergistic effects
between zinc and nitrogen. The best fertilizer sources supplying zinc were zinc sulfate and
elemental zinc fertilizer. Supplying the aforementioned fertilizers at high levels improved
the effect of nitrogen on safflower plants and increased the developmental characteristics
and vyield of the plants. The results of this study underscore the significant impact of
nitrogen and sulfur fertilization on the agronomic performance and fatty acid composition
of safflower. Fertilizer management, particularly the application of nitrogen and sulfur, plays
a crucial role in optimizing both seed yield and oil quality in safflower, especially in semi-
arid regions with challenging soil conditions. The N80-Zs50 treatment (80 kg ha! nitrogen
and 50 kg ha' sulfur from zinc sulfate) emerged as the most effective treatment, enhancing
key agronomic traits such as plant height, seed yield, and thousand seed weight, while
also promoting higher concentrations of desirable fatty acids like linolenic acid.
Interestingly, the NO-S50 treatment, which involved no nitrogen application, but 50 kg ha’
sulfur from elemental sulfur improved the levels of unsaturated fatty acids such as oleic,
linoleic, and arachidic acids. This finding highlights the synergistic relationship between
nitrogen and sulfur, where balanced nutrient application enhances not only plant growth
but also the nutritional profile of safflower oil. The study suggests that a strategic
combination of nitrogen and sulfur, particularly from sources like zinc sulfate, can
significantly improve safflower yield and oil quality, offering valuable insights for optimizing
fertilization practices in semi-arid agricultural systems.

10
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4. Conclusions

The investigation in this study indicated the quantity and quality of the safflower agronomic
traits and fatty acid composition under nitrogen and sulfur fertilizer management. The N80-
Zs50 (80 kg ha™' nitrogen and 50 kg ha-' sulfur from zinc sulfate) was identified as the best
treatment for obtaining higher values for most traits like yield and oil performance, as well
as for some fatty acids like linonenic acid. Some other unsaturated fatty acids like oleic,
linoleic, and arachidic acids were increased under the NO-S50 (no nitrogen application and
50 kg ha! sulfur in elemental form) treatment.
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