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Abstract

In this study, it was aimed to determine the effects of foliar sulphur applications on cotton plants exposed to water
stress. It was carried out on ‘Carisma’ variety cotton plant with 3 irrigation level, 3 sulfur doses and 3 replicates,
except for control treatments, in split plots experimental design in randomized blocks. Sulfur in elemental form
was applied at doses of 150 ml da™! (S;), 250 ml da™' (Sz) and 350 ml da™' (S3), except for the control (So) and at
Lioo, Ies, 133 irrigation levels of the available capacity and in the non-irrigated treatment (Io). Irrigation water
amounts varied between 332-1006 mm and 306-928 mm in the 2015 and 2016, and evapotranspiration ranged
between 299-1096 mm and 247- 995 mm, respectively. Evapotranspiration decreased slightly in the first year and
increased in the second year as the sulphur doses increased. The highest yields were 5871 kg ha™! (I100So) and
6148.7 kg ha! (1100S1) in 2015 and 2016, respectively. In comparison to I1go, yield decreased by 70%, 39% and
14% in 2015, 67%, 33% and 8% in 2016 in Io, 133 and Igs, respectively. Sulphur doses caused yield to decrease in
2015 and increase in 2016. Compared to Sy treatment, yield increased by 14%, 1.9% and 8.6% at Si, S; and S3 in
2016. With the decrease in ET, yield (relative to I190) decreased by 73%-70% at Iy, 52%-39% at I33 and 26%-15%
at Ies in the first year, by 75%-67% at Iy, 44%-33% at I33 and 20%-8% at s in the second year, and by 74%-68%
at Io, 48%-36% at I33 and 23%-11% at Iss. Water use efficiency (WUE) was approximately the same in sulfur doses,
while the lowest was determined at 1190 and the highest was determined at Iy and I33. WUE increased as the amount
of irrigation water increased in the second year, but did not show a stable change in the first year. The highest
WUE was calculated in the first year on Is3 (6.3 kg ha'mm™) and in the second year on 10 (7.5 kg ha'mm™).
Sulphur doses did not cause a significant difference in WUE and the highest WUE was determined at Sy (6.0 kg
ha'mm") in the first year and in the second year at S; (6.5 kg ha'mm™"). Sulphur doses did not affect leaf sulphur
concentration in the first year, but statistically in the second year. Mean of two years, the highest leaf sulphur
concentration was measured in Ss.
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Oz

Bu caligmada, su stresine maruz birakilmig pamuk bitkisine yapraktan kiikiirt uygulamalarinin etkilerinin
belirlenmesi amaglanmistir. Arastirma, Carisma ¢esidi pamuk bitkisinde 3 sulama diizeyi, 3 kiikiirt dozunda 3
tekerriirlii olarak tesadiif bloklarinda boliinmiis parseller deneme deseninde yiiriitiilmiistiir. Denemede, elverisli
kapasitenin 3 farkli sulama diizeyinde (100, Iss, I33) ve susuz konuda (Io) pamuk bitkilerine tanik (So) konusu disinda
150 ml da! (S), 250 ml da™! (Sz) ve 350 ml da™! (S;) dozlarinda elementel formda kiikiirt uygulanmigtir. Sulama
suyu miktarlar1 2015 ve 2016’da sirastyla 332-1006 mm ile 306-928 mm, evapotranspirasyon 299-1096 mm ile
247- 995 mm arasinda degismistir. Evapotranspirasyon (ET), kiikiirt dozlar arttik¢a ilk yil azalmus, ikinci yilda
ise artmustir. En yiiksek verim 2015 ve 2016°da sirasiyla 5871.3 kg ha' (Ii00So) ve 6148.7 kg ha' (1,00S1)
Ol¢iilmiistiir. I1po'e gore verim 2015°de Io, I33 ve Igs konularinda sirastyla %70, %39 ve %14, 2016’da %67, %33
ve %8 azalmistir. Kiikiirt dozlar1 verimin ilk y1l azalmasina ikinci yilda artmasina neden olmustur. Verim 2016’da
(Sova gore) Si, S> ve Sz dozlarinda %14, %1.9 ve %8.6 artmistir. ET'deki azalma ile verim (Ijoo’e gore) ilk yil
Io'da %73 - %70, 133'te %52 - %39 ve 166'da %26 - %15, ikinci yilda ise lo'da %75-67, Ixs'te %44-%33 ve
[66'da %20-%8 ve ortalama 10'da %74 - %68, Iss'te %48 - %36 ve Iss'da %23 - %11 azalmistir. Su kullanim
etkinligi (WUE), kiikiirt dozlarinda yaklasik ayni, sulama konularinda en diisiik Ii00’de en yiiksek Io ve 33> de
belirlenmistir. ikinci yilda sulama suyu miktar1 artttkca WUE artmis ancak ilk yil kararli bir degisim
gostermemistir. En yiiksek WUE ilk yil Is3 konusunda (6.3 kg ha'mm™) ikinci y11 I konusunda (7.5 kg ha'mm")
hesaplanmistir. Kiikiirt dozlart WUE’ nde 6nemli bir fark olusturmamis ve en yiiksek WUE ilk yil Sp konusunda
(6.0 kg ha'mm™) ikinci y1l S; konusunda (6.5 kg ha'mm™) belirlenmistir. Kiikiirt dozlar1 yaprak kiikiirt
konsantrasyonunu ilk yil etkilemezken ikinci yilda istatistiksel olarak etkilemistir. iki yilin ortalamasina gore en
yiiksek yaprak kiikiirt konsantrasyonu S3 konusundan 6l¢iilmiistiir.

Anahtar Kelimeler: Kuraklik toleransi, Yapraktan uygulama, Kiikiirt, Sulama diizeyi, Pamuk
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1. Introduction

Fertilizer management may reduce, increase, or have no effect on the drought tolerance of plants, depending
on the level of water available. This management in drought conditions is complicated, and salinity problems are
also observed in most arid areas. In studies conducted for the relationship between drought and plant nutrients, it
was reported that nutrients could provide additional benefits to the plant apart from their usual functions (Ma et
al., 2004; Garg et al., 2004; Hu et al., 2008; Urkmez et al., 2024). Especially during short dry periods, fertilizer
applications that will prevent physiological decline in the plant and ensure that it remains healthy can increase
yield when the plant is under stress. However, the effectiveness of fertilizers on the plant may change in foliar and
soil applications.

The application of foliar fertilization to alleviate physiological stress has enormous potential (Fernandez et al.,
2013). This is due to the fact that as a plant transitions from vegetative to reproductive stages, the quantity of
photosynthate generated by the leaves is preferentially relocated to the developing fruit and seed, while the amount
reaching to the roots is substantially reduced.

Sulfur is one of the key elements that can be used to increase drought tolerance (Jie et al., 2008). Sulfur, which
activates in 20 days in the soil applications and 8 hours in the foliar applications, plays a significant role in the
realization of photosynthesis (Kacar and Katkat, 2007). It prevents the reduction of chlorophyll content and can
increase the yield of crops by increasing the amount of chlorophyll under stress conditions (Lina et al., 2005). The
decrease in leaf chlorophyll concentration in water and sulfur deficiency is more pronounced in active
photosynthesizing (functional) leaves (Dietz, 1989). In this case, the amount of chlorophyll can be increased with
the sulfur application, and the severity of abiotic stress can be alleviated (Jie et al., 2008). Sulfur also builds protein
structure and plays a fundamental role in the chlorophyll structure (Duke and Reisenaue, 1986). The most typical
symptoms of sulfur deficiency in plants are yellowing of young leaves due to a decline of protein and chlorophyll
synthesis, decrease in hydraulic root permeability, stomatal openings, net photosynthesis, and chloroplast numbers,
and decrease in leaf area (Marschner, 1995). It was determined that the chlorophyll content of wheat under drought
stress increases with the sulfur application (Lina et al., 2005), and the chlorophyll content of functional leaves
decreases in cases of sulfur deficiency (Jie et al., 2008). Researchers suggested that with the application of sulfur,
stress is reduced, and productivity is increased. Ghaznavi and Abdolshahi (2011) reported that drought stress
reduces yield by 39.37% in wheat, and with 100 kg ha! potassium sulfate application, the yield increases by 8%
in full irrigation and 10% under drought stress. The increase in yield under stress depends on sulfur metabolism,
sulfate transport, and sulfate assimilation in the leaves. Besides, sulfur deficiency causes a decrease in protein
synthesis and the activities and efficiency of sulfur-containing amino acids in the structure of amino acids (Chan
etal., 2013).

In this study, the effect of foliar sulfur applications was investigated to reduce the effect of stress on cotton
plants exposed to water stress. This research also determined the effects of sulfur applications on
evapotranspiration, water use efficiency, and leaf sulfur concentration as well as seed yield.

2. Materials and Methods
2.1. Study area

The research was conducted in the Amik Plain in the Eastern Mediterranean Region. The soils of the experiment
area were determined as silty clay loam, and the irrigation water was determined as C,S; (7able I). According to long-
year (1945 - 2006) climate data, the average temperature is 20°C. The climate data measured during the experiment
are given in Table 2.

2.2. Experimental design

The research was carried out with foliar applications of 3 doses of elemental sulfur, 4 irrigation levels, and 3
replicates for each irrigation level, in split plot experimental design in randomized blocks. Since the primary purpose
of the experiment was to determine the contribution of sulfur doses to drought tolerance, irrigation levels were the main
experiments, and sulfur doses were the sub-experiments. Each irrigation plot was created from 4 plant rows. The plot
lengths were determined as 15 m, and the replicate plot lengths were determined as 5 meters. Two meter rows of buffer
plants were left between the plots, and 2 rows of buffer plants were left between the irrigation plots. The interrow
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spacing was arranged as 0.70 m and the intra-row spacing as 15 cm. Thus, approximately 100 plants were planted in
each row. Carisma variety cotton with high adaptability and yield potential was used as the research material.

2.3. Irrigation treatments

The first irrigation was performed when 50% of the available water was consumed, and subsequent irrigations were
performed to replenish the deficit soil moisture (approximately 6 days apart). The experiments were arranged as a no-
irrigation treatment (Io), a full irrigation treatment (I100) in which deficit moisture was brought to field capacity, and
66% (Iss) and 33% (I33) of the full irrigation treatment. Soil moisture content was measured weekly by gravimetric
method in all experiments and replications and the required amount of irrigation water was calculated using Equation
1.

I=(d*A*P)/Ea (Eq.1).

I: Amount of irrigation water to be applied to full irrigation treatment (100%), d: The amount of irrigation water
required (mm), A: Plot area (m?), Ea: Water application efficiency, (0.95). P: Percentage of wetted area (%). Whether
or not the targeted irrigation area was reached was checked after irrigation.

Table 1. Some soil characteristics of the experimental field

Depth Sand  Silt  Clay o~ . pe, CaCO: N ﬁ;gt' FC PWP

(em) (%) (%) (%) (%) (%) (%)' (e (gg-h

0-30 5952 1528 252 SiCL  7.55 1124 2265 142 033 213 13.4 1.660
30-60 57.52 19.28 23.2 SiICL  7.62 560 0.680 1.65 034 241 14.2 1.676
60-90 5352 17.28 29.2 SiCL  7.80 429 0905 2.01 038 250 14.5 1.540
193(_) 61.52 1528 232 SiCL  7.65 400 0300 2.12 037 252 14.7 1.489

FC: field capacity and PWP: permanent wilting point are given as the percentage of water by weight. As: bulk density (g cm?), ECe: Electrical
conductivity of soil paste (umhos cm™).

As

Table 2. Climate data of experimental years (2015 — 2016)

Years Climate Parameters May June July August  September Mean
Temperature (°C) 21.92 24.59 27.35 28.95 27.60 26.09
o Precipitation (mm) 19.4 0.00 0.00 1.2 0.00 20.6
= Solar Rad. (wm™) 278.88 295.92 294.20 261.63 199.99 266.108
s Soil Temp. (°C) 24.88 27.74 30.17 31.57 30.09 28.89
Wind Speed (km h™" 5.59 8.20 8.39 6.40 4.17 6.55
Temperature (°C) 21.26 26.41 28.39 28.46 25.13 25.93
o Precipitation (mm) 3.23 14 16 119.2 0.0 149.2
= Solar Rad. (wm™) 256.36 305.12 311.56 279.32 234.00 277.27
@ Soil Temp. (°C) 22.44 27.37 30.29 30.63 26.65 27.48
Wind Speed (km h™V 5.31 6.19 7.59 6.60 4.06 5.95

2.4. Sulfur treatments

Sulfur was not detected in the soil of the area where the experiment was conducted as a result of the analysis of the
turbidimetric barium method (Kowelenko et al., 2014). A large part of Turkey’s soils is insufficient in terms of sulfur
content. While the absorption time of sulfur by the plant in soil application is about 20 days, this period is only 8 hours
in the foliar application (Kacar and Katkat, 2007). Therefore, since it is aimed that the plant recovers from the stress in
a shorter time, sulfur applications are realized only as foliar applications. The sulfur doses applied in the experiment
were determined in line with the recommendations of the academicians working on sulfur.

So: N, P, K soil application

Si: N, P, K soil application + 150 ml da™! foliar elemental sulfur application
S2: N, P, K soil application + 250 ml da™! foliar elemental sulfur application
Ss: N, P, K soil application + 350 ml da™! foliar elemental sulfur application

Liquid elemental sulfur in a volume of 720 g sulfur I'' was used in the experiment. The most sensitive period to
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water stress in cotton plants is the flowering period (Loka and Oosterhuis, 2012). Hence, sulfur applications were
applied only during the square and flowering periods of the cotton plant (10% from square to 10% boll growth). In the
cotton experiments carried out before in the experimental area, it was determined that 5 irrigations were made with the
drip irrigation method during the square and flowering period (Akgo6l, 2012). The amount of seasonal fertilizer required
for the plant was applied by dividing it equally by the number of irrigations to be made during the square and flowering
periods. Fertilization was done in the middle of the two irrigations (3 or 4 days after irrigation) in the early morning
hours (6.00-6.30), when the wind did not affect the fertilizer distribution adversely. In order to prevent differences in
the concentration of fertilizer applied to the same experiment on different dates, the amount of water consumed from
the portable pulverizator was tested with a water-filled sprayer in another area of the same size before each application,
and after determining the amount of reduced water, the calculated liquid sulfur amount was mixed into this volume,
and the application was carried out. Since it was planned to realize approximately 4 irrigations during the flowering
period, the application was made by dividing each sulfur dose into 4. In the application with the portable pulverizator,
the same person fertilized so that there was no difference between the walking speeds of the practitioners.

Nitrogen (N), Phosphorus (P), and Potassium (K) fertilizers required by cotton are equal to all experiments and at
the dose rate commonly used in the region: Before planting, 20 kg da™! of 18-46-0 (DAP) fertilizer was applied, and
after planting, 4 kg da™! of nitrogen fertigation method was applied in each of the first 4 irrigations (Singh et al., 2021).

2.5. Leaf Sulfur Analysis

Leaf samples were collected at different plant growth stages (square, flowering initiation, full flowering, and
boll formation periods) to determine the effects of the applications on the sulfur concentration in the leaves. In the
sampling, 5 upper leaves, which were functional in 2 plants, were collected in each replicate. The collected samples
were crushed with a mortar in the laboratory, and 2-3 milligram samples for each replicate were analyzed in the
Truspec CHNS Analyzer device.

2.6. Harvest

Irrigation treatments (6 plant rows and 0.70 m interrows) were formed from 4.2 m wide and 5 m long replicate
plots. The harvest was made from the remaining 14 m? replicate area after removing 1 m from the beginning and
end of each row and 1 row from the right and left. Since each treatment has 3 replicates, the total harvest area is
calculated as 42 m?.

2.7. Evapotranspiration (ET)

From the beginning of the trial to the harvest date, changes in soil moisture were measured with the gravimetric
method before each irrigation, and the weekly evapotranspiration was calculated according to the “Soil Water
Budget” method (Equation 2).

ET=1+R+Cr—Dp—Rf + AS (Eq.2).

In equation, ET: Evapotranspiration (mm); I: Amount of applied irrigation water (mm); R: Precipitation (mm);
Cr: Capillary rise (mm); Dp: Deep percolation (mm) (Measured from 120 cm depths of full irrigation treatments
approximately 24 hours after irrigations); Rf: Runoff flow (mm); £AS: The moisture changes in the soil profile
(mm 90 cm™). In the equation, precipitation (R) was determined from the pluviometer in the research area, and AS
was determined by the gravimetric method. Since drip irrigation is used in the system, the runoff flow (Rf) was
not calculated.

2.8. Water Use Efficiency

Water use efficiency (WUE) was calculated using evapotranspiration and yield values (Howell et al., 1984).
(Equation 3).

WUE =Ya / ET (Eq. 3).

In the equation, WUE: Water use efficiency (kg ha! mm™), Ya: Cotton yield from treatments (kg ha'), ET:
Evapotranspiration (mm)

1312



JOTAF/ Journal of Tekirdag Agricultural Faculty, 2024, 21(5)

2.9. Analysis and Evaluation of Data

All data measured during the experiment were evaluated by statistical method in accordance with the split-plot
experimental design in randomized blocks and subjected to analysis of variance. The averages of the data obtained
as a result of measurement and analysis were compared by Duncan Test (Bek and Efe, 1988).

3. Results and Discussion
3.1. Irrigation Water

Irrigation water amounts were at the same level on average in both years. In the first and second years, 91 -
149 mm, 423 - 456 mm, 755 - 771 mm, and 1097 - 1078 mm irrigation water (including precipitation) was applied
to o, I3, Iss, and Ijoo irrigation experiments, respectively (7able 3). Full irrigation treatment (I100) received 1097
mm and 1078 mm irrigation water in the first and second year. The maximum irrigation water requirement was
calculated during the flowering period in both years. In the first year, 591 mm of irrigation water was applied to
the sulfur treatments, and 613 mm in the second year. In the previous studies carried out in the experimental area,
the irrigation water requirement was determined as 483-602 mm in 6-7 irrigations in 2012 (Can, 2017), and at the
level of 1135 mm in 10 irrigations in 2017 (Kazgdz Candemir and Odemis, 2018). This indicates that the amount
and number of irrigation water applied to cotton increases over time in the Amik Plain. Although the soil, plant
variety, and irrigation method are the same, it is thought that the most important factor in increasing the irrigation
water requirement is the change in climate parameters. The Amik Plain is the second region in Turkey, with
continuous wind throughout the year. The fact that the plain has a large area significantly increases the cumulative
temperature and the amount of evaporation in the wind direction. This causes the irrigation water requirement to
be higher than other plains. Studies conducted in other regions also suggest that factors such as seasonal
temperature fluctuations, wind speed, and soil moisture differences in planting dates cause changes in irrigation
water requirement and irrigation number (Yavuz, 1993; Cetin and Bilgel, 2002; Yazar et al., 2002; Unlii et al.,
2011).

Table 3. Mean values of irrigation water, yield, and WUE in irrigation level and sulfur doses *

Amount of
Treat. irrigation water  Evapotranspiration (mm) Yield (kg ha™) WUE (kg halmm™)
(mm)
2015 2016 2015 2016 2015 2016 2015 2016
Io 91 149 299 247 1630.4 d 1859.7d 5.4 7.5
I3; 423 456 525 558 33084 ¢ 3707.8 ¢ 6.3 6.6
Iss 755 772 817 797 4652.8b 5097.0 b 5.7 6.4
T1oo 1097 1078 1096 996 5421.6 a 55552 a 4.9 5.6
So 591 614 702 628 42223 a 3815.6¢ 6.0 6.1
Si 591 614 685 677 36352 b 4369.2 a 53 6.5
S, 591 614 683 651 3599.3b  3889.8 bc 53 6.0
S; 591 614 668 641 3556.5b 4145.1 ab 5.3 6.5
2015-2016 2015-2016 2015-2016 2015-2016
Treat.
(mean) (mean) (mean) (mean)
Io 120 273 1745.1d 6.4
Is; 439 542 3508.1 ¢ 6.5
Iss 763 807 48749 b 6.0
T1oo 1087 1046 5488.4 a 5.2
So 602 665 a 4019.0 a 6.0
Si 602 681 a 4002.2 a 5.9
N} 602 667 b 37445 ¢ 5.6
S3 602 655 ¢ 3850.8 b 5.9

WUE: Water use efficiency, “The values for yield and evapotranspiration presented in the table were previously published by Odemis et al.,
2022.
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3.2. Evapotranspiration

The highest and lowest evapotranspiration (ET) were measured from the Ii0o and Ip treatments in both years.
Evapotranspiration in the first and second years was determined as 299 - 247 mm in lo, 525 - 558 mm in I3, 817 -
797 mm in Igs, 1096 - 996 mm in 119 (7able 3). Evapotranspiration decreased slightly as the sulfur dose increased
in the first year but was higher in the second year (compared to So). In the second year, lower ET was realized in
S; (150 ml da'!) than other doses. On average, evapotranspiration at sulfur doses ranged from 681 mm (S;) to 655
mm (S3). It was determined that the amount of irrigation water was more effective on the difference in
evapotranspiration between the treatments, while sulfur applications did not make a significant difference.
Evapotranspiration decreased as the sulfur dose increased in the cotton plant exposed to the same sulfur doses and
longer stress in the same area. Especially in the vegetative period, the K, dose (250 ml da™!) of the treatments that
was non-irrigated during the other growth periods decreased by 15.35% (Kazgdz Candemir and Odemis, 2018).
The decline in soil moisture causes a decrease in leaf water content. In cotton leaves exposed to stress, wax content
(Whullschleger and Oosterhuis, 1987) and leaf cuticle thickness increase (Oosterhuis et al., 1991), transpiration,
and thus evapotranspiration may decrease. Therefore, when environmental pollutants are considered in plants
exposed to water stress, foliar fertilization can partially reduce evapotranspiration.

3.3. Yield

The yield was affected negatively by sulfur doses and positively by irrigation levels in the first year, while
positively affected by both sulfur doses and irrigation levels in the second year (7able 4). The most important
factor affecting yield in cotton is water stress. The yield decreases depending on the severity and duration of the
stress and the plant development period in which it occurs. The water stress experienced from the square initiation
period to the period when the first flower appears causes a great decrease in yield (Krieg, 1997).

Table 4. Variance analysis table for cotton yield and leaf sulfur content

Years Yield (kg ha) Leaf sulfur content (%)

Source of Variation df F df F

Irrig. lev (I) 3 wkE 3 ok

Sulfur Dose(S) 3 wkE 3 ns

2015% I*S 9 ns 9 ok
Error 32 155

Irrig. lev (I) 3 Rl 3 ok

Sulfur Dose(S) 3 *E 3 *x

2016 I*S 9 ns 9 ns
Error 32 167

Irrig. lev (I) 3 Rl 3 ok

Sulfur Dose(S) 3 *E 3 ok

Year (Y) 1 Rl 7 Rl

2015 I*S 9 ns 9 HoAk

-2016 I*Y 3 ns 18 HoAk

I*S*Y 9 ns 48 HoAk
Error 64 323

df: degrees of freedom, ns: non significant *Sulfur doses in the first year negatively affected the yield.

In the first year, the highest yield was obtained from I100So with 5871 kg ha™!, and in the second year from 1100S1
with 6148.7 kg ha!. The average yield value of both years was determined for the highest I100S: treatment (5653
kg ha'). Average seed yields were higher in the second year (Tablo 5). The highest and lowest yields for sulfur
treatments were determined for So and S3 (3557 kg ha! and 4222.3 kg ha™!). The lowest yield So (3816 kg ha™')
and the highest yield S; (4369 kg ha™') were determined in the second year. Oztiirk and Korkut (2018) reported
that under fully drought stress condition grain yield of wheat decreasing was 40.1%, under shooting stage of
drought 28.0%, and during grain filling period of drought 26.2%.

3.4. Water use efficiency (WUE)

WUE generally increased as the amount of irrigation water decreased. It decreased linearly as the irrigation
water increased in the second year, while an unsteady change was found in the first year. The mean highest WUE
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was calculated for the first year in the I5; treatment (6.3 kg ha”'mm') and the I treatment for the second year (7.5
kg ha'mm) (Table 3).

Sulfur doses did not cause significant differences in mean WUE. WUE was determined at the same level (5.3
kg ha'mm") in treatments other than Sy in the first year. In the second year, the highest WUE was observed in S,
and S; doses (6.5 kg ha'mm™'). The average WUE values of both years were at approximately the same level.

Table 5. Values in the experimental years of evapotranspiration, yield, and water use efficiency

2015 2016 Mean 2015 2016 Mean 2015 2016 Mean

Treat.

ET Yield WUE
LoSo 305.88 205.86  255.87  2060.0 1824.3 1942.2 6.7 8.9 7.6
N 304.73 276.08  290.40  1530.8 1902.3 1716.6 5.0 6.9 59
oS> 292.73 235770  264.21 1309.5 1743.0 1526.3 4.5 7.4 5.8
IoSs 294.10 271.25  282.67 16214 1969.0 1795.2 5.5 7.3 6.4
JEENT 530.73 535.68 53320  3752.6 3336.0 35443 7.1 6.2 6.6
1335, 524.73 57596 55034  3262.2 3930.0 3596.1 6.2 6.8 6.5
IS, 523.73 572.05  547.89  3097.8 3682.7 3390.2 5.9 6.4 6.2
JEENE 521.73 549.26 53550  3121.1 3882.3 3501.7 6.0 7.1 6.5
Ts6So 836.96 763.02  799.99  5205.3 5180.3 5192.8 6.2 6.8 6.5
Ts6S1 825.54 835.80  830.67 4591.1 5495.7 5043.4 5.6 6.6 6.1
T66S2 815.42 800.47  807.95  4499.2 4800.7 4649.9 55 6.0 5.8
T66S3 790.96 787.02  788.99 43155 4911.3 4613.4 55 6.2 5.8
L100So 1133.73 1006.8 1070.2  5871.3 4921.7 5396.5 5.2 4.9 5.0
LigoS: 1086.60 1021.5 10542  5156.6 6148.7 5652.6 4.7 6.0 54
LioS2 109935 99540 1047.4 54904 5332.7 5411.5 5.0 54 52
L100S3 1065.57  958.38 10119  5168.2 5817.7 5492.9 4.9 6.1 54

ET: Evapotranspiration (mm), Yield, kg ha!, WUE: Water Use Efficiency, kg ha! mm!

10

m2015
o2016
[@2015-2016

WUE (kg hamm'")

9
8
7
6
5
4
3
2
1
0

D &N VD DN DD DN D DN D
S EFFEFFFITFIFITELFEFFSFFS
T T EFTEIEEEEFTTETS

Treatment

Figure 1. WUE values of irrigation and sulfur treatment
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Figure 2. Mean values of WUE in irrigation treatment
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Figure 3. Mean values of WUE in sulfur doses

In the interactions of irrigation level x sulfur dose, the highest was determined for WUE 153S at 7.1 kg ha’!
mm ' in the first year, and the lowest was determined for 1S (4.5 kg ha! mm™) (Table 5). WUE ranged from 8.9
kg ha! mm™ (ISo) to 4.9 kg ha' mm™' (1,00S¢) in the second year. In the average values of both years, the highest
and lowest WUE was calculated as 7.6 kg ha™! mm! for ISy and 5.2 kg ha™' mm™'for I;0S..

Studies report that WUE varies depending on the plant variety, leaf shape, amount of water stored in the soil,
climatic conditions, and plant development periods. Karam et al. (2006) determined WUE values as 1.3, 1.1, 1.0,
and 0.80 kg ha"! mm™! in cotton during the first boll opening, boll formation, and the middle of the boll formation,
and control. Hussein et al. (2011) determined the WUE value as 0.65 and 0.70 kg m™ in the first year and as 0.65
and 0.72 kg m™ in the second year in the full irrigation treatment and 80% of the full irrigation was applied,
respectively. Zonta et al. (2017) calculated the WUE value between 0.39 and 0.84 kg m™in 8 cotton varieties. In
studies conducted in Turkey, WUE was determined between 4.87 kg ha! mm™ and 12.6 kg ha! mm'! in different
climatic regions (Cetin and Bilgel, 2002; Dagdelen et al., 2006). These results obtained in the literature were found
to be in line with the results of current study.

3.5. Irrigation Water - Yield Relationships

As the amount of irrigation water increased in both years of the study, the seed yield also increased (Figure 4).
Polynomial and significant regression relationships were found between irrigation water and yield in both years.
The highest yield (1100=5422 kg ha™') on average in the first year was obtained from the full irrigation treatment.
Based on Ii0o, yield values decreased by 70%, 39%, and 14%, respectively, in Io, [33, and Iss treatments. It was
determined that when the amount of irrigation water decreased by 31% in Ies, the yield decreased by 14%, and in
I33, when the irrigation water decreased by 61%, the yield decreased by 39%. In the second year, the yield
decreased 67% in 1o, 33% in 153, and 8% in Igs, compared to the full irrigation treatment (1100= 5555 kg ha™!), where
the highest yield was obtained. Compared to 10 treatment, 28% (Iss) and 58% (I33) reduction amounts in irrigation
water caused an 8% and 33% decrease in yield.

7000
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T soop | X2015-2016 >
= :
= .
< 4000
5 v =-0.0021I12+6.29 Ir+ 1065
~ 3000 12=0.96*%(2015)

2
2000 12=0.96**(2016)

1000 y=-0.0028 I12+7.301r+893
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Figure 4. The relationships between the amount of irrigation water and yield

1316



JOTAF/ Journal of Tekirdag Agricultural Faculty, 2024, 21(5)

Vegetative and generative characteristics are significantly reduced in drought-exposed plants (Oguz et al.,
2022). Before study indicates that irrigation has a decisive role in cotton yield. It was also reported that water
stress, which occurs in conditions where irrigation is not done or not sufficient, disrupts the hormonal balance that
is a key element in the shedding of square and bolls in cotton (Guin et al., 1990), irrigation increased the number
of bolls per unit area by 30% and the fiber yield by 35%, but it did not change the boll seed weight (Pettigrew,
2004). Another study determined that the irrigation water requirement increased significantly in the Harran Plain,
where the average temperature and vapor pressure deficit were high, and a cotton yield of 5850 kg ha™! was obtained
at 868 mm irrigation water requirement (Yazar et al., 2002). However, in Cukurova Plain, where the relative
humidity and temperature are high, the yield was obtained between 1970-4220 kg ha'! in the irrigation water
requirement varying between 322 - 472 mm (Ertek and Kanber, 2003). Again, in the Harran Plain, the highest
yield in irrigation applications made with row, sprinkler, and drip methods was obtained from the drip irrigation
method, which is 30% higher than sprinkler irrigation and 21% higher than furrow irrigation (Cetin and Bilgel,
2002). The results of the water-yield relationship obtained in areas similar to the climate of the region where the
research was conducted are in harmony with each other. However, in the area where this research was conducted,
it was observed that the irrigation water requirement for cotton increased almost every year. While the irrigation
water requirement was 589 mm in 6 irrigations in 2012 (Can, 2017), it increased to 1135 mm in 10 irrigations in
2017 (Kazgdz Candemir and Odemis, 2018). It is considered that the increase in the need for irrigation water is
due to the increase in the amount of evaporation and transpiration due to the extraordinary increases in temperature
and wind speed in the irrigation season in some years.

3.6. Evapotranspiration- Yield Relationships

A high correlation coefficient was obtained between evapotranspiration (ET) and yield (Figure 5). A 1 mm
increase in ET led to an increase of 4.7 kg ha! in the first year and 5.1 kg ha! in the second year. The increase in
sulfur doses did not cause a significant change in evapotranspiration. Compared to the oo treatment, the yield
reduction due to the decrease in ET was 73% - 70% in I in the first year, 52% - 39% in I33, and 26% - 15% in I¢.
In the second year, compared to the I;oo treatment, the reduction rate in ET decreased by 75%-67% in 1o, 44% -
33% in I33, and 20% - 8% in I¢s. The mean values of both years decreased by 74% - 68% in Iy, 48% - 36% in Is3,
and 23% - 11% in I66~
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=
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Evapotranspiration (mm)

Figure 5. The relationships between evapotranspiration-yield
3.7. Sulfur Doses - Yield Relationships

The average highest yield in sulfur doses was obtained from the Sy experiment (4222.3 kg ha™!) in the first year
and the S; treatment (4369.2 kg ha'!) in the second year (Table 5).

It is thought that the air temperature was higher than expected in the first year of the experiment, and the desert
dust that stormed in some periods partially prevented the foliar sulfur intake. This situation caused instability in
the contribution of sulfur doses to yield.

The highest yield (except for IS3) was obtained in the second year from the S; (150 ml da™!) doses of irrigation
treatments. The 1100S; treatment was the one with the highest yield (6148.7 kg ha!). Compared to the Sy dose, the
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yield of the S; dose increased 18% in I33, 6% in Iss, and 25% in I100. The lowest average yield was obtained from
a non-sulfur (Sy) treatment (3815.6 kg ha™!). In the second year, the increase of the sulfur doses only up to the S;
dose was evaluated as the result of the stress in the plant after a certain level of the sulfur dose. On the other hand,
the S; dose caused higher efficiency than other doses in I33 and I¢s treatments with deficit irrigation. Sulfur is an
effective element in increasing the amount of yield (Jie et al., 2008; Lina et al., 2005). However, foliar and soil

application cause differences in the assimilation time of sulfur. Kacar and Katkat (2007) expressed that sulfur can
be used effectively in the plant in 20 days in the soil applications and 8 hours in the foliar applications. Xinhua et
al. (2011) pointed out that the soil application of 22 and 34 kg of S ha"! increased the yield by 8 - 10% on average
compared to the control (non-sulfur) application, and it partially affected the fiber quality characteristics. On the
other hand, Hu et al. (2008) found out that although there was a decrease in evapotranspiration, shoot fresh and
dry weight, leaf fresh and dry weight in maize plant under drought and salinity stress; foliar fertilization did not
improve plant growth and development under short-term drought or salt stress. It was also determined that the
application of sulfur in the form of elemental S or sulfate compounds affects the usefulness, and elemental sulfur
is less effective than sulfate-S fertilizer in increasing the seed yield of the canola plant. Elemental sulfur was
generally found to be less effective than sulfate-S fertilizer, even after perennial applications, especially when
applied in the spring (Malhi et al., 2005).

In the same period as this research, in another study conducted at the same doses and in adjacent parcels, the
response of foliar application of elemental sulfur to long-term water stress was researched (Kazgdz Candemir and
Odemis, 2018). In that study, full irrigation was applied to the cotton plant during the emergence period, and the
development periods were divided into 3 (vegetative development period, flowering and boll growth period, and
boll opening period). In some of these periods, full irrigation (T) was applied, and in some periods, non-irrigation
(O) was applied. The study concluded that the effect of foliar application of sulfur on OOO, TTT, TOO, and TOT
treatments was evident. The highest yield was determined for TTTS; (5600 kg ha™") treatment. These results show
that many factors are instrumental in the effectiveness of sulfur on the plant. In addition to stress conditions, air
quality also plays an important role in foliar fertilizer application. Besides the decreased transpiration due to stress,
dust accumulated in the leaf surface layer prevents sulfur assimilation from the leaves.

The effect of the applied sulfur doses on the sulfur concentrations (Lsc) in the leaves differed depending on the
years (Table 4). The foliar sulfur application did not affect the leaf sulfur concentration in the first year, but it was
effective in the second year. Foliar sulfur concentration increased in the first year at Iy and I3 irrigation levels
depending on the sulfur doses, while it decreased at I¢s irrigation levels. The increase in irrigation level in the
second year caused a linear increase in leaf sulfur concentrations (7able 6). A similar case was observed in the
average values of both years. The highest leaf sulfur content was measured from the treatments to which the S3
dose was applied. Nutrients penetrate the leaf in two ways: passing through the stoma or outer cuticle. It is
generally accepted that most of the nutrient uptake occurs through the cuticle (Fernandez et al., 2013), but solutions
can also enter the leaf indirectly through the stoma (Fernandez and Eichert, 2009). The cuticle, in general, has a
feature that limits the penetration rate of the nutrient element into the leaf (Fernandez et al., 2017). The surface
tension properties of the element in the applied solution are important in stoma penetration. While the surface
tension of surfactants in chemical sprays is about 30 Mn m!, organosilicon surfactants can reduce their aqueous
surface tension to about 20 Mn m™! and allow nutrient entry through stomata (Stevens et al., 1992). Ion uptake
rates in foliar fertilization are higher at night when the stomata are closed than during the day when it is open
(Oosterhuis, 2009). In cotton, nutrients dissolved in the foliar application are unlikely to penetrate directly into
leaf tissue through open stomata. This is because cotton has prominent stomatal protrusions and an inner cuticular
layer covering the stoma (Wullschleger and Oosterhuis, 1989). The cuticle layer here is considered a limiting
factor for foliar penetration (Fernandez et al., 2017). In our study, since foliar applications were made in the
morning hours, the penetration of sulfur into the leaf was possible via cuticle rather than stoma. The contraction
of the cuticle caused by water stress and the atmospheric dust that limits the penetration made the penetration of
sulfur through the cuticle layer almost impossible in the first year. Less exposure of the atmosphere to dust during
the fertilization process in the second year may have partially facilitated the penetration of sulfur.

1318



JOTAF/ Journal of Tekirdag Agricultural Faculty, 2024, 21(5)

Table 6. Leaf Sulfur Content (%)

Treat. 2015 2016 Mean
L6So 0.4406 0.7567 0.5987
IoS; 0.6387 0.7650 0.7018
IS 0.7148 0.7450 0.7299
IoS;3 0.7254 0.7583 0.7419
JEENTY 0.3766 0.7017 0.5391
LS, 0.7391 0.9275 0.8333
EEN) 0.7421 0.7867 0.7644
L33S;3 0.8531 0.8342 0.8436
Ls6So 0.8124 0.7917 0.8020
T66S:1 0.4206 1.0117 0.7161
L66S2 0.4082 0.8942 0.6512
L66S3 0.9018 0.9292 0.9155
L00So 1.3364 0.9300 1.1332
Li00S1 1.2469 1.0375 1.1422
Li00S2 0.4703 1.0458 0.7580
L100S3 1.0764 0.9858 1.0311

So 0.7184 ab 0.7950 b 0.7567 b
S 0.7519 ab 0.9354 a 0.8437 a
Sz 0.5939b 0.8679 ab 0.7309 b
Ss 0.8766 a 0.8769 a 0.8767 a
Io 0.630b 0.756 c 0.6930 ¢
L33 0.678 b 0.813 ¢ 0.7455 b
Leo 0.636 b 0.907b 0.7715b
L0o 1.033 a 1.000 a 1.0165a

The relationship between leaf sulfur content and yield was significant in the second year and insignificant in

the first year (Figure 6).

4. Conclusions
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Figure 6. The relationships between yield and leaf sulfur content

The decrease in the amount of chlorophyll in drought stress causes a decrease in photosynthesis. Past research
concluded that with sulfur applications, chlorophyll concentration could be increased, and the reduction of

photosynthesis can be prevented. The inactivity of sulfur poses a disadvantage in soil application, and environmental
conditions (atmospheric pollution, extreme temperature, and cultural practices) must be suitable for successful foliar
application. To this end, the decrease in leaf moisture content due to the decrease in soil moisture content reduces the
penetration area by disrupting the physical structure of the leaf cuticle (Kannan and Charnel, 1986) and may prevent
the penetration of nutrients into the leaf (Oosterhuis et al., 1991). Therefore, in addition to the stressful conditions in
the first year, it was thought that atmospheric dust caused stress by making it difficult to penetrate sulfur in the leaf
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surface layer. Besides, atmospheric dust and sulfur application caused layering on the leaf surface and decreased
evapotranspiration and WUE. The absence of atmospheric pollutants (desert dust) seen in the first year during the
growing period of cotton in the second year increased the penetration ability of sulfur. About 150 mg elemental sulfur
application per decare increased the yield significantly. Especially at the I3 irrigation level, yield increased from 3340
kg ha! (So) to 3930 kg ha! (S;) in the second year was evaluated as a significant increase, and it was determined that
the mentioned dose could be used in the short-term drought stress condition.

Despite the necessity of S fertilization for optimum plant productivity (Chan et al., 2013), very few research was
published on the use of S fertilizer in the last 10 years in cotton-growing climatic regions. The lack of information on
the effects of sulfur deficiency on cotton yield elements shows a need for long-term studies in different climatic areas.
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