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Introduction

Due to Iran's geographical location and climatic conditions, the quantity and quality of water resources are
considered one of the limiting factors for agriculture in this country. Droughts in the last two decades, on the one
hand, and lack of attention to the optimal use and proper exploitation of water, on the other hand, have exacerbated
the water crisis in lIran. For this reason, the agricultural sector has witnessed serious developments and new
perspectives on the rational exploitation of water resources, limited irrigation shortages, the use of saline water
resources in agriculture, changing irrigation systems, and cultivating water-intensive plants over the same period.
Quinoa has been introduced as a forage crop for ensuring food security in the world, which can tolerate drought
stress conditions to some extent. However, the development of its cultivation under drought stress conditions in
Khuzestan Province should be based on determining the limits of irrigation water quantities and determining its
tolerance to salinity.

Material and Methods

The present study was conducted to investigate the effect of different amounts of irrigation water and different
levels of salinity on quantitative and qualitative parameters of quinoa. To carry out the work, quinoa was cultivated
under drip and pulsed drip irrigation. The treatments studied included irrigation water quantity (11: 60, 12: 80 and
13: 100% of field capacity), water quality (F (fresh): 0.5 and S (saline): 6 dS/m), and two irrigation managements:
continuous drip (C) and pulsed drip (P). At the end of the growing season, sampling was performed to determine
quantitative plant characteristics such as height, stem diameter, leaf area index, root length, root volume, fresh and
dry root weight, and fresh and dry forage yield. Also, to investigate the effect of treatments on quinoa forage
quality, qualitative parameters including leaf chlorophyll a and b content, leaf proline content, total digestible
nutrients (TDN), crude protein (CP), Neutral detergent fiber (hemicellulose and lignin) (NDF), and Acid detergent
fiber (hemicellulose-free cell wall) (ADF) percentage were measured. To investigate the distribution of salinity in
the soil profile during and at the end of the growing season compared to its beginning, soil samples were taken from
dug profiles in the center of all experimental plots at depths of 0-30 cm and 30-60 cm. These samples were
transferred to the laboratory and saturated extraction was prepared from them. Then, the electrical conductivity of
these samples was determined using an EC meter. All data collected from the experiment were entered into EXCEL
2019 software. After categorizing the data, SAS 9.1 software was used to analyze them. Data analysis of variance
was performed at the 5% and 1% significance levels, and then means were compared using Duncan's multiple

Authors retain the copyright. This is an open access article distributed under Creative Commons
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range test.

Result

The results showed that the treatments of continuous drip irrigation with fresh water at 100% depth, and pulsed
drip irrigation at 100% depth (first, second and, third pulses of fresh water) had the highest quantitative traits.
Continuous drip irrigation with fresh water at 80% depth, and pulsed drip irrigation at 80% depth (first, second
and, third pulses of fresh water) also had high quantitative traits. The highest values of plant height, stem diameter,
leaf area index, fresh biomass, and dry biomass were 94 cm, 1.10 mm, 23.152 cm?, 25.31420, and 14.8256 tons
per hectare, respectively, which were obtained from the continuous drip irrigation treatment at 100% of the plant's
water requirement using fresh water. In these treatments, the final soil salinity was close to the initial salinity at
the time of the experiment, and the highest amounts of chlorophyll a and b and carotenoids were also observed.
The TDN and ADF values were high in two treatments: continuous drip irrigation with fresh water and 100%
depth, and pulsed drip irrigation and 100% depth (first, second and, third pulse of fresh water). However, these
treatments had low soluble sugar, proline, and protein levels. Applying saline water alone or in combination with
sweet pulses and water stress in treatments 2, 4, and 12- 30 increased the quality of the produced forage (due to
high soluble sugar, proline, and protein). The highest water use efficiency was obtained from treatment 26, which
included pulsed drip irrigation and a depth of 60% (first pulse of fresh water, second pulse of salin water, third
pulse of fresh water).

Conclusion
Therefore, considering that both water use efficiency and quality are important in forage production, it is

recommended to use this treatment under conditions of saline water and pulsed drip irrigation.

Keywords: Chlorophyll a and b, Crude protein, Total digestible nutrients, Water priductivity
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4- Acid detergent fiber
5- Leaf Area Index
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Table 1- Volume of the used water in treatment

ol s o
Volume of water (m3.ha!) Treatment
5670 100
4536 75
3402 50
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1- Total digestible nutrient (TDN)
2- Crude protein
3- Neutral detergent fiber
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Table 2- Chemical characteristics of the used water

SAR s o o S’ ~ oy Ol o EC aiged
Sodium  Magnesium  Calcium ClI+ Potassium Hcog™ pH (ds/m) Samples
meq/lit P
3.63 6.5 2.3 41 6.3 0.32 3.2 7.31 0.5 F
17.69 36.7 4.2 45 31.4 0.61 48 7.12 6 S
u)).u:: u] F 9 )55) u] Lga..\i.b.)ow S J9..\> » :&SJ
Note: In this table, S represents saline water, F represents freshwater
as 50 SB o bomisSy jud Olwogad - Jgs
Table 3- Physicochemical properties of farm soil
Sodium  Magnesium  Calcium  CI* Hcos™* COs?  pH (ds/ : Depth
- m) Texture
meg/lit (em)
15 38 32 8.2 45 3.0 o & 0.76 Py A 0-30
9 Loam Silt

I PR R

g 5
Ghalojl Jsb 13 QS (o) g (SlSS a0 -) JSG
Figure 1- Research farm and plot inspection during the experiment
Y ~
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Ol Hlade oS W, )35 (Sheikhi-Sanandji et al., 2022)
el Jaiae SOl oy 5 sle i olS g p )l
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woyp b it cplcab calle (Jamali & Ansari, 2020)
S 10l L g asy Olusguad e Ol alisee (slags ) il
09 ol EW) o 0jg e Slae p (6yed slas ()5 s )
Oian bl o gine 51T (69000 9 Sy o Sl (St
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(Jamali & Ansari, 2019) cusls s xe Sl 1505 oL i 6Ll
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SB s,
5 Jsb 2 SB Udon 2 69d @9 (S8 san Sl
4lS 5550 55 gy i b ol il & cons 18y b (o]
¥ G S tged 5 o iy ) Sa o il shacS
oislejl 4 Ldiges () i Cuild yy yio Bl Ye=Fv g yo ik
o 10355 sl ol (9 g2 Eludl (550 lae Sl 5 Jitio
5y diges ol (SO SN Colia (ziwEC oliwd I eolaiwl b

odldy Julodi g 4 3o
EXCEL 2019 3305 > «_jislogl 1 o bl (slmodls des
dag] oo g 4355l dmodly (canamns I w805 3

O zokaw ;3 odld wiblg 450 )5 edlatwl SAS 9.1 )l38le 5
925l 3 odlizl b :Sibe auslio ol 5 s g 03,5 plol o3 Y

A5 plosl Sl

B (5 501 o8 Ol (3131 4253 9 laspo (1Sile) (il g 225 s - g
Table 4- Results of variance analysis (mean square and degrees of freedom) of measured quantitative traits

. Wiol <o dole 3,Slas PS030 g pails O HS ~
O i 2ol Sl an it o 29008 ik Fresh _ Stem sl
Sourc;:(:‘ g;anges Degrees of Ir;'f;}hocr;i‘\'/\’i?;er forage Sy diameter Height
freedom (kg/m?) I_Dry forage weight ) Leaf area} (cm) (cm)
g yield (kg/ha) (kg/ha) index (cm?)

Y 1 32.82™ 167.75™ 453.41"™ 32.41™ 0.69™ 8.47™
R 2 17.25™ 126.14™ 357.25™ 25.43™ 0.54" 3.25™
Y*R 2 59.38™ 197.52™ 561.58™ 42.94™ 1.05™ 10.53™
1oyl Hlada) 2 25.367 486.32" 1487.54" 237.61" 2.25 456.31"
Y*I 2 62.81"™ 271.54™ 784.62™ 71.58™ 0.67™ 12.24™
S(ol 5y95) 1 16.52" 864.85" 1543.45" 614.37" 3.417 357.85"
I1*S 2 18.92" 721.54" 1682.74" 559.82" 3.76" 867.63"
S*Y 1 32.56™ 962.47™ 1854.31™ 657.42™ 7.86™ 674.52™
I*S*Y 2 51.19™ 201.38™ 1546.91™ 251.62"™ 4.27™ 276.59™

Y*I(S) 4 10.42 324.41 928.69 68.05 1.15 263.41
M(cs,bl os)) 1 13.71" 261.75" 2371.29" 613.72" 1.32" 574.15™
I*M 2 15.23" 674.62" 2483.24™ 782.25™ 2.52" 384.26"
S*M 1 26.15" 472.86" 2849.61" 638.14™ 3.16" 946.82"™
Y*M 1 15.81" 326.51™ 2345.71™ 715.36™ 5.48™ 641.25™
1*S*M 2 18.61" 845.69" 3547.21" 753.28" 414" 1034.21"
I*S*M*Y 2 19.47" 829.73™ 2684.55™ 672.84™ 6.35™ 984.42™

Y*M(I*S) 8 10.28 376.19 1425.32 88.19 0.81 69.27

() &y i 7.45 841 12.56 8.29 8.54 10.42

I ixe pae NS oy S g duoyd gty Jlain] o j5 (gl ixe™ g

*

zand **significance at the five percent and one percent probability levels, ns non-significance.
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[(etal., 2013
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Table 5- Results of variance analysis (mean square and degrees of freedom) of measured qualitative traits

$3ljl a3 Slaus

R

O S gale ; " i . Jedgsb Uy lsa
8 3695 g, 8 S
Sources of Degrees ) NDF  TDN v #  Chloroph  Chlorop
of Fiber Soluble  Protein Carotenoid  Proline
changes f yll b hyll a
reedom sugars leaf
Y 1 82.33™ 0.75™ 0.88™ 29.32m™ 44.51™  39.38™ 0.35™ 71.69™ 0.78™ 0.56"
R 2 76.41™ 0.45M™ 0.65™ 16.31™ 34.26™  21.14™ 0.21™ 81.26™ 0.86"™ 0.49™
Y*R 2 92.69™ 0.85™ 1.14" 35.42™ 76.85™  56.69" 0.86™ 101.25"™  1.16™ 0.89™
I (sl jlade) 2 98.25" 35.12" 58.26" 126.95" 198.41" 157.35" 25.68" 87.54" 62.18™ 63.46™
Y*I 2 34.15 9.95 9.31 13.86 18.63 16.24 3.26 23.12 8.52 5.16
S (o y99) 1 362.51" 32.61" 18.25™ 176.28" 213.12° 24159 15.24" 241.25" 14.41™ 19.04™
1*S 2 125.62" 18.46" 28.43™ 202.49* 165.57" 198.43" 9.46" 106.78" 18.33™ 12.34"
S*Y 1 285.93™ 41.57™ 25.54" 189.92™ 210.47™  231.92™ 16.84" 167.25"  12.64"™ 24.16™
1*S*Y 2 231.36™ 51.82" 23.92™ 203.61™ 271.28™  256.23™ 17.32™ 175.34"  18.82™ 36.45"™
Y*I(S) 4 30.19 10.25 7.335 28.09 41.05 36.28 5.37 22.45 5.02 1.58
M(cssbel Ssg) 1 75727  27.91° 1542  18327°  214.36" 24571 16.52" 64.42°  11.67" 19.26"
I*M 2 64.18" 38.42" 21.34" 246.52" 268.19° 281.66" 19.31" 51.34" 17.16" 21.16"
S*M 1 58.86" 41.18" 38.12" 281.43" 284.16° 314.46" 27.08" 43.21" 28.51" 32.28"
Y*M 1 72.49™ 30.29"™ 20.12™ 166.41"™ 205.55™  184.83™ 19.35™ 53.76™ 17.58™ 11.61™
1*S*M 2 69.27" 20.84" 19.62" 276.49" 321.48" 362.25 13.52" 78.69" 11.27" 15.41"
I*S*M*Y 2 82.27™ 32.83™ 18.43™ 176.51"™ 185.34™  162.32™ 26.47" 64.16"™ 26.48™ 16.56™
Y*M(1) 8 16.94 12.53 9.14 78.331 52.63 69.57 6.72 19.51 6.34 8.54
() (CV) Sl yss o - 10.26 9.21 7.45 11.63 1171 12.25 8.16 11.42 8.63 7.32

(P dze pae NS o yd S5 5 diopd gy Jlosin] o 3 gy 2™ g

*

zand **significance at the five percent and one percent probability levels, ns non-significance.
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Table 6- Comparison of the averages of measured quantitative traits

Lo adale > AL a8l ,hd
s 0 lowsd ¢ :')Lati Sl o 5590 %0 91;0?& F adgle 039 Eb“;» Stem ews)
Treatment ] Irrigation water ) Fresh forage weight » diameter Height
number Experimental productivity (kg/m®) Dry forage yield (kg/ha) Leaf aree; index (cm) (cm)
treatments (kg/ha) (cm?)
1 FCI3 5.54c 8256.14a 31420.25a 152.23a 10.1a 94a
2 CI3s 2.17f 3126.52d 12326.549 124.41d 6.4c 64d
3 PI3FFF 5.61c 8587.45a 31782.57a 156.42a 10.5a 95a
4 PI3SSS 2.21f 3179.41d 12578.269 124.55d 6.4c 65d
5 PI3FFS 3.82¢ 5532.27hc 21705.62d 133.15¢ 7.1b 72¢c
6 PI3FSF 4.69d 6890.84b 26598.62b 1336.56bc 7.6b T7bc
7 PI3SFF 3.64e 5217.63bc 20655.18d 131.87c 6.9bc 71c
8 PI3SSF 2.91ef 4325.54c 16482.25f 123.85d 6.3c 64d
9 PI3FSS 2.79f 3864.12dc 15864.53f 122.45d 6.2¢c 62d
10 PI3SFS 2.84f 4120.55¢ 16122.48f 122.36d 6.3c 63d
11 CI2F 6.61b 7781.65a 29985.45a 148.14a 9.2a 90a
12 CI2s 2.58f 3146.35d 11743.84h 123.94d 6.3c 63d
13 PI2FFF 6.64b 8016.81a 30123.18a 148.36a 9.4a 9la
14 P12SSS 2.47f 3112.57d 11226.57h 124.54d 6.3c 64d
15 PI2FFS 4.59d 5085.14bc 20849.38d 131.58¢c 6.9bc 71c
16 PI2FSF 5.61c 6347.25b 25415.37b 135.16bc 7.3b T4c
17 PI2SFF 4.37d 4957.68¢c 19842.76de 130.62c 6.8bc 70c
18 P12SSF 3.53e 4002.18¢c 16041.52f 121.85d 6.2¢c 61d
19 PI2FSS 3.25¢ 3362.58d 14760.85fg 120.69d 6.1c 58e
20 PI2SFS 3.36e 3443.24d 15247.12f 116.47de 6.1c 60d
21 CI1F 7.8% 6945.38b 26864.63b 140.74b 8.3ab 80b
22 Cl1s 3.07e 2876.51b 10467.85h 114.38e 5.8d 56e
23 PILFFF 7.91a 6941.46b 26942.75b 142.25b 8.4ab 82b
24 PI1SSS 3.15e 3002.25d 10732.64h 113.21e 5.8d 56e
25 PILFFS 5.35¢ 4275.52¢ 18231.71e 128.64c 6.7bc 68dc
26 PI1FSF 7.29% 6845.7b 24827.9c 134.45bc 7.1b 73c
27 PI1SFF 5.51c 4659.85¢c 18759.41e 130.75¢ 6.7bc 69dc
28 PILSSF 4.66d 3765.63d 15869.74f 116.19dc 6.1c 60d
29 PILFSS 3.85de 3145.63d 13127.499 119.78d 6.1c 60d
30 PILSFS 4.12d 3371.05d 14036.25fg 123.47d 6.3c 61d

505 I sine M 0 Jlein] o 3 (5SS ypeil bl ey By sl sl Silie
Means with the same letters do not differ significantly at the 5% probability level based on Duncan's test.
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Table 7- Comparison of the average of measured qualitative traits

Jewiojlad  glaleg T ITIEE Jud 5D Jedgi5a
reatment byl apF NDF DN PR S Jslomo 9555 hlorophyll  Chlorophyll
Experimental Protein  proline  sSoluble ~ Carotenoid b a
treatments leaf sugars
- - - (%) (micromol/g) (mg/g wet weight)
1 FCI3 18.65a 7.72e 38.64a 9.41e 5.21fg 29.55d 0.98a 6.34a 12.46a
2 CI3S 6.84d 9.55d 15.52f 11.56d 13.36¢ 31.42dc 0.41e 2.15d 5.73d
3 PI3FFF 18.24a 7.92e 38.22a 9.56ef 5.78fg 29.75d 0.97a 6.28a 12.11a
4 PI3SSS 6.45d 9.84d 15.84f 11.47d 13.57c 31.63dc 0.42e 3.26¢c 5.66d
5 PI3FFS 9.72c 7.38e 22.78cd 9.74ef 6.62f 29.78d 0.73b 4.37b 8.68bc
6 PI3FSF 9.96¢ 7.53e 23.16¢ 9.75¢f 6.89f 29.81d 0.79b 4.78b 8.97bc
7 PI3SFF 8.67d 7.25¢ 21.54d 9.86ef 7.08e 30.04d 0.61c 4.11b 7.76c
8 PI3SSF 8.29d 8.2% 21.32d 10.12e 7.19¢ 30.25d 0.57d 3.68¢c 7.23c
9 PI3FSS 7.54d 8.68e 20.46de 10.41e 7.54e 30.62d 0.48de 3.21c 6.54cd
10 PI3SFS 7.73d 8.55e 20.89de 10.27e 7.13e 30.31d 0.52d 3.58¢c 7.06¢c
11 CI2F 16.42b 8.4le 31.45b 10.36e 7.74e 30.49d 0.91a 5.74a 11.29a
12 CI2S 6.25de 13.18bc 14.69f 15.26bc 16.21b 35.18b 0.39f 2.74d 5.14d
13 PI2FFF 16.79b 10.72d 31.57b 12.53d 7.89% 32.74c 0.89% 5.94a 11.85a
14 P12SSS 6.47de 1.44bc 14.74f 15.54bc 16.45b 36.11b 0.38ef 2.66d 5.11d
15 PI2FFS 9.16¢ 9.51d 22.18cd 11.89d 6.33f 32.05¢ 0.68bc 4.06b 7.89¢c
16 PI2FSF 9.88¢c 9.63d 22.94cd 11.68d 6.11f 31.76dc 0.71b 4.62b 8.44bc
17 PI2SFF 8.36d 10.34d 21.65d 12.26d 6.94f 32.54c 0.57d 3.32c 7.12c
18 PI2SSF 7.35d 10.19d 20.28de 12.47d 7.85e 32.61c 0.51d 3.18¢c 6.52cd
19 PI2FSS 7.12d 11.58¢ 19.81e 13.64cd 8.27e 33.78c 0.41e 2.91dc 6.13dc
20 PI2SFS 7.26d 11.47c 20.12de 13.32cd 8.11e 33.46¢ 0.46de 3.08c 6.25dc
21 CI1F 10.14c 11.65c 24.32c 13.88cd 9.16d 34.12bc 0.87a 4.85b 9.51b
22 Cl1s 5.6% 16.14a 12.38fg 18.12a 19.25a 38.18a 0.31f 2.31d 4.67e
23 PI1FFF 10.36¢ 13.54bc 24.41c 15.42bc 9.41d 35.56b 0.86a 5.07ab 9.74b
24 P11SSS 5.61e 16.45a 12.54fg 18.61a 19.63a 39.26a 0.31f 4.19b 4.53e
25 PILFFS 7.49d 13.26bc 20.32de 15.31bc 8.47e 35.47b 0.59d 3.15¢ 6.46¢d
26 PILFSF 8.52d 12.63c 21.75d 14.78c 8.02e 34.85b 0.63bc 4.04b 5.79d
27 PI1SFF 7.13d 13.56bc 20.05de 15.54bc 9.74d 35.63b 0.51d 3.01c 6.27cd
28 PI1SSF 6.57de 14.48b 15.04f 16.36b 10.86d 36.58b 0.45de 3.46¢ 5.81d
29 PI1FSS 6.33de 14.25b 14.71fF 16.21b 10.48d 36.47b 0.35f 2.56d 4.82de
30 PI1SFS 6.49de 14.32b 14.88f 16.14b 10.25d 36.26b 0.39f 2.87d 5.31d
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Table 8- Results of variance analysis (mean square and degrees of freedom) of measured root traits

e gl @ljfaryy Ak, Kb ojy adyy S 0jy Ay ey deb
Sources of Degrees of Root dry Root fresh Root Root
changes freedom weight weight Volume length
Y 1 51.22™ 41.05™ 0.78™ 3.17™
R 2 71.35™ 32.64™ 0.65"™ 2.45™
Y*R 2 64.26™ 53.18™ 3.26™ 8.85™
syl o) 2 48.16" 84.51" 6.41" 57.96"
Y*I 2 84.55™ 47.21™ 0.58" 14.05"™
S y9d) 1 33.18" 89.26* 5.63" 84.42"
I*S 2 21.73" 42.25 6.76" 63.25"
S*Y 1 51.26™ 55.35™ 8.81™ 35.52"
I*S*Y 2 46.97™ 85.41™ 6.72" 47.23™
Y*I(S) 4 102.79 91.05 3.18 47.63
M(solel Los)) 1 112,617 72.16" 245" 84.15™
I*M 2 82.28" 100.25™ 5.73" 32.57"
S*M 1 73.13" 83.14™ 9.11" 48.67"
Y*M 1 93.26™ 59.27™ 7.17™ 75.21™
I*S*M 2 47.29" 35.61" 35.61" 91.41"
I*S*M*Y 2 27.55™ 73.16™ 8.35™ 48.52"
Y*M(1*S) 8 92.17 29.46 1.23 25.18
10.16 7.41 6.15 7.68

(%) s oy

(P dze pae NS o yd 5 5 doyd gty Jloin] s 3 (g5 ixe™™ 4*
zand **significance at the five percent and one percent probability levels, ns non-significance.
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Figure 2- Effect of studied treatments on fresh and dry weight of roots
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Figure 3- Effect of studied treatments on root length
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Introduction

Increasing the quality of food grains is one of the goals of sustainable agriculture. Mung bean (Vigna radiata
L.) is one of the most important legume crops cultivated on more than 6 million hectares worldwide. There are
few studies on the effect of mealworm frass application and its effectiveness on plant growth and yield. On the
other hand, given the soil and climatic conditions of Iran, its high potential in legume production, and its economic
justification, it seems necessary to pay attention to feeding mung beans with organic fertilizers. The cultivation of
mung bean is increasingly developing in Iran, and its use for food and medicinal purposes is also increasing.
Therefore, considering the possible positive effect of mealworm frass and zinc fertilizer on the growth of this plant,
the present study was conducted to investigate the effect of these fertilizers on growth, yield indices, and the molar
ratio of phytic acid to zinc in the seeds.

Materials and Methods

In this study, an experiment was conducted as a factorial experiment in a randomized complete block design
with three replications. The aim was to investigate the effect of different levels of mealworm frass and zinc
lignosulfonate foliar application on growth characteristics, yield, zinc concentration, the molar ratio of phytic acid
to zinc, and some biochemical factors of mung bean seeds. The treatments included four levels of mealworm frass
(0, 500, 1000 and 1500 kg ha*) and three levels of zinc foliar application during the flowering period (foliar
application with irrigation water as a control and foliar application with concentrations of 2.5 and 5 g L™ of zinc
lignosulfonate). Growth and yield indices including plant height, number of secondary stems, number of pods per
plant, number of seeds per pod, pod length, and seed yield were measured. Also, some biochemical properties such
as molar ratio of phytic acid to zinc, flavones, total flavonoids, total phenols, tannin concentration and percentage
of antioxidant activity were measured. Nitrogen, phosphorus and potassium of mung bean seeds were also
measured.

Results and Discussion

The results showed that the simple effect of mealworm frass was significant for all measured traits except the
number of secondary stems, pod length, and number of seeds per pod. The simple effect of zinc lignosulfonate
was significant for all measured traits except the number of secondary stems, pod length, number of seeds per pod
and total phenol concentration, and seed tannin. The interaction effect of mealworm frass and zinc lignosulfonate
for all measured traits except pod length and number of seeds per pod was significant. The highest grain yield
(115.2 g m2) was related to the treatment of 1500 kg of mealworm frass and 5 ppt zinc lignosulfonate foliar spray,
which was in the same group as the treatment of 1500 kg mealworm frass with 0 and 2.5 g L zinc foliar spray,
and the treatment of 1000 kg mealworm frass and 5 g L™* zinc foliar spray. While the lowest amount (80.1 g m2)
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was observed in the control treatment. The highest plant height (37.05 cm) was measured in the treatment of 500
kg mealworm frass with zero zinc application, and the lowest stem length (24.68 cm) was observed in the treatment
of 500 kg of mealworm frass with the application of 5 g L zinc. The highest molar ratio of phytic acid to zinc
(30.8) was observed in the treatment of 500 kg of mealworm frass and no foliar application of zinc lignosulfonate,
which was not significantly different from the treatments of 0 kg of mealworm frass and 0 and 2.5 g L™ of zinc
lignosulfonate application. While the lowest ratio (24.1) was observed in the treatment of 0 kg of mealworm frass
and 5 g L zinc lignosulfonate application, which was not significantly different compared to the treatment of
1500 kg of mealworm frass and 2.5 and 5 g L™* of zinc lignosulfonate application. Foliar application of zinc reduced
the molar ratio of phytic acid to zinc in the grain (maximum 21%), and application of mealworm frass increased
this ratio up to 500 kg and then decreased it. Based on the results of this study, the application of 1000 kg of
mealworm frass without zinc application was more effective in increasing the concentration of flavonoids and
antioxidant activity. However, zinc foliar application was effective in increasing the concentration of phenolic
compounds and tannin. The highest antioxidant activity (72.44%) was observed in the treatment of 1000 kg of
mealworm frass without foliar application of zinc, and the lowest (58.18%) was measured in the treatment of 1500
kg of mealworm frass and application of 2.5 g L zinc lignosulfonate, followed by treatments of 500 kg of
mealworm frass without foliar application of zinc lignosulfonate and foliar application of 2.5 g L zinc
lignosulfonate. Zinc foliar spraying was effective in increasing the concentration of phenolic compounds and
tannin content. Foliar application of zinc lignosulfonate increased the zinc and nitrogen content of the grain but
had no effect on the phosphorus and potassium concentrations. Application of mealworm frass increased the
nitrogen, phosphorus, and potassium content of the mung bean grain but simultaneously reduced the zinc
concentration.

Conclusion

In general, the results of this study showed that the use of mealworm frass increased mung bean grain yield,
and foliar spraying of zinc lignosulfonate increased the grain zinc concentration and reduced the molar ratio of
phytic acid to zinc. Overall, the use of mealworm frass increased the yield, and the use of zinc lignosulfonate
improved the grain quality.

Keywords: Antioxidant activity, Flavonoids, Molar ratio of phytic acid to zinc, Tannin, Total phenol
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2- Folin Ciocalteu Sigma-Aldrich
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Table 1- Physicochemical characteristics and some nutritional elements in the soil cultivated with mung bean plant

Byl S0 S0l ol S gldl Cugb, O G ool BBy oaliie! 8 ety
Soil pH EC dS m? Saturated soil moisture % N % P mg kg K mg kg
7.62 32 0.038 8.24 227
oy Sl o SE el I 3150 Jolee paandls’ 5l ,S
Sand % Silt % Clay % Soil texture OM % CaCOs %
52 18 loam 0.42 23

oS lowdgn GBSy 9 Wby S s ld p gy (Mbslom 9 o5k 395 Wit Zabaw Sl (Ola o (1Sle) uilly LT -Y Jgoa

b

Table 2- Analysis of variance (mean squares) of the effect of different mealworm frass content and zinc foliar application on
growth and yield characteristics of mung bean (Vigna radiata)

kS o &35l an o aBlw 3laxs Wlw Job Y dlaxs SYE Job B R I T J
Source of vériance Shoot Shoot Pod Pod length Number of i
Df number length number 9 seed per pod  Seed yield
<
o* 2 0.16 2.44 121.69 0.66 0.83 420.36
Block
sk 255 3 0.06ns  16.52* 746.32% 0.12ns 0.12ns 2421.48%*
Mealworm Frass
Zﬁr?c 2 0.44ns 23.41** 914.03** 0.17ns 0.34ns 1362.93*
S9%p ke 355_ 6 1.93** 76.28** 2934.59** 0.29ns 0.94ns 5310.22**
Mealworm*Zinc
) . JS 25539 . b L
e J5gdle g oMo " Js s O ol ) oo i
Ol ke Total ; st &9
- Flavone and ; Total Tannin o : Phy
Source of variance flavonoid Antioxidant Zinc :
flavonol phenol content e acid/Zn
activity
S
* 0.01 0.07 421 0.47 3.478 3.74 97.23
Block
poske 355 2.15** 1.98** 23.42** 4.74** 110.20** 18.93* 475.21**
Mealworm Frass
Zdir?:c 0.54** 1.23** 1.98ns 1.18ns 60.34** 28.31** 884.73**
Sa¥ehe 35 . 0.52** 1.76** 23.14** 4.32%* 57.23** 56.48** 1624.59**
Mealworm *Zinc
e g DI -l el
Source of variance Nitrogen Phosphoeous Potassium
Ssb
: A1 .02 .01
Block 0.18 0.0 0.0
piske 355 1.92** 1.81** 1.52**
Mealworm Frass
<9 0.48%* 0.71%* 0.98ns
Zinc
Sartpygke 395
0.59** 0.76** 0.44**
Mealworm *Zinc
(P gme pias 5 doyd N o)d O Jlais ] e (0 )b Sixe Sy NS g s e
*, ** ns: Significant at 5% and 1% probability level and no significant, respectively.
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Figure 1- Interaction effect of different mealworm level and zinc spraying on grain yeild of Mung bean seed (Vigna radiata)
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Table 3- Mean comparison of interaction effect of different mealworm level and zinc spraying on some growth and
biochemical factors properties of Mung bean plant (Vigna radiata)

3laxs | il 2 50 AL dlaas Joiod g o35l S sieisdle 5
el s el 2 a8 . KW uly ol
,:s:s LRt e P iy ¥9Y 9 09 299 o Ol
s .
9 9 Shoot Length of main Pod number per Flavone and Total_ Tannin content
Factor Factor number shoot) plant flavanol flavonoid
T
A B - (cm) - (mg quercetin g DW) (mg caDt\eA(;;nn g
Ck CK 4.22bc 30.19b-e 11de 0.82a 2.5%b 7. 44abc
25 5.30abc 28.01de 26bc 0.66b 0.91e 6.31bcd
5 5.43abc 30.80abc 24hcd 0.65b 1.03e 9.05a
500 CK 4.80bc 37.05a 32ab 0.55bc 1.64cde 5.46¢d
25 5.63ab 34.03a-d 2la 0.64b 2.72ab 5.73bcd
5 4.37bc 24. 68e 18de 0.66b 2.63ab 7.17a-d
1000 CK 4.12¢ 26.37¢ 3lab 0.63b 3.28a 7.78ab
25 5.68abc 27.13e 15b-e 0.15c¢d 2.25bcd 7.57ab
5 5.45abc 34.73abc 31b 0.05d 2.25bcd 6.21bcd
1500 CK 6.49 36.20ab 33ab 0.09d 2.29hc 6.11bcd
25 4.60bc 29.69cde 13cd 0.16¢d 2.62ab 5.34cd
5 4.79bc 30.18b-e 41a 0.07d 1.38de 5.16d

(4003) ‘CK (32 2 p)5) 595 (o3 slome 193 1551 (S 2 )T 5LS) pyghee 55 1 S5l )58
Azt (P<0.05) Sl (yg0j @ dogi b polie ko o HId cize ©glis odimd L oy b Loy (glmodly y3 cuglite gy
Factor A: Mealworm fertilizer (kg ** he), Factor B: zinc foliar application (per thousand), CK: Control, DW: dry weight
Means followed by the different letters in each column and row in relation each factor is significantly different at 5% probability level using
Duncan test.
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Table 4- The effect of different mealworm concentration and zinc spraying on some biochemical factors and nutrient
elements of Mung bean

» » I8 8 s 5 SlaSlleded  ailb gy, ab e Abshed 4l ety
Jsl 5 £y 958 Total phenol Antioxidant activity Zinc Nitrogen Phosphorous  Potassium
Factor A Factor B (mg gallic acid g** DW) (D) e, (mE K DW) cevveererrnrnrereennenennns
Ck CK 15.01cd 66.63a-d 27. 44bc 3120cd 379c 579bc
25 12.36d 69.11abc 26.41bc 3322bcd 382bc 582bc
5 15.62bcd 71.24ab 39.85a 3365bcd 388bc 588bc
500 CK 12.41d 59.99d 25.46bcd 3502abcd 384bc 594bc
25 19.91a 58.59d 25.73bcd 3685abc 390b 590bc
5 20.72a 65.17a-d 36.47ab 3553abc 391b 591bc
1000 CK 19.31ab 72.44a 22.71cd 3712abc 394b 604ab
25 17.98abc 62.44bcd 27.57bc 3822ab 392b 632a
5 16.50a-d 60.81cd 32.31ab 3771abc 410ab 611ab
1500 CK 18.81abc 64.65a-d 20.22cd 3721abc 410ab 610ab
25 18.44abc 58.18d 25.34bcd 3862ab 408ab 601ab
5 13.88cd 64.50a-d 31.26bc 3832ab 412a 612ab

(1215) CK (l32,2) s3) il 239 5556 5o 12 p,55kS) pygee 255 151 558
A (P<0.05) Sl (905l 0 dngi b podlie uSilo w15 cixe oglis okt s oy by Laspe (slmodly )3 cglie Lig >

Factor A: Mealworm fertilizer (kg ** he), Factor B: zinc foliar application (per thousand), CK: Control, DW: dry weight

Means followed by the different letters in each column and row in relation each factor is significantly different at 5% probability level using
Duncan test.
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Figure 2- Interaction effect of different mealworm level and zinc spraying on molar ration of phytic acid to zinc in mung bean
(Vigna radiata) seed
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Introduction

Potassium is one of the macronutrients essential for plant growth and plays significant physiological and
biochemical roles in plant yield. There are four forms of potassium in the soil, listed in order of their availability
for plant uptake: soluble potassium, exchangeable potassium, non-exchangeable potassium, and structural
potassium. Determining the concentration of available potassium using an efficient extractant that is applicable
to different soil types is essential for soil and crop management, such as fertilizer recommendations. One of the
most common extractants for available potassium is 1N ammonium acetate (NH4OAc). This extractant is widely
used in many soil science studies and fertilizer recommendations due to its ability to extract exchangeable
potassium and a portion of non-exchangeable potassium However, this method may not have sufficient accuracy
to measure the potassium readily available for plant uptake. In soils with high amounts of potassium-containing
minerals, due to the presence of specific adsorption sites, a large portion of potassium is held strongly at these
sites and can be partially extracted during NH4OAc extraction. This issue could be one reason for the weak
correlation between NHsOAc-extracted potassium and plant response to potassium fertilizer in such soils. The
critical level of available potassium is the threshold below which plant growth is limited. Since the amount of
potassium extracted depends on the concentration of the extractant, evaluating the effect of different NHsOAc
concentrations on the determining the critical level is important. The objective of this study was to assess the
impact of various NH4sOAc concentrations on the extraction of available potassium and to determine the critical
potassium level in the calcareous soils of Shahrekord Plain.

Material and Methods

In order to evaluate different concentrations of NH4OAc of the calcareous soils of the Shahrekord plain, 30
agricultural soil samples were collected from a depth of 0-30 cm. Four different concentrations of NH4sOAc
including 1, 0.5, 0.25, and 0.1 molar were evaluated for extracting available potassium. The greenhouse
experiment was carried out as a factorial experiment in a completely randomized design with two factors (soil type
and potash fertilizer rate) and three replications. The potash fertilizer (potassium sulfate) was applied at two levels
of potassium: 0 and 100 mg K kg~ 1. At the end of the vegetative period, corn plants were harvested, and plant
indices including dry matter weight, potassium concentration, potassium uptake, relative yield, and plant response
were determined. To assess the significance of treatment effects in terms of plant indicators, factorial analysis of
variance was performed. Then, the correlation between plant indices and potassium extracted using different
concentrations of NH4OAc was calculated, and based on the results, the most suitable concentration for extracting
available potassium by NHsOAc was determined. The potassium critical level was determined using the Cate-
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Nelson graphical method for NHsOAc extractants with concentrations of 1, 0.5, 0.25, and 0.1 molar.

Results and Discussion

The results showed the range of available potassium extracted using NH1sOAc extractants at concentrations of
1, 0.5, 0.25, and 0.1 molar was 157-581, 155-598, 160-596, and 168-590 mg kg~ 1, respectively. Furthermore,
the results showed that the differences among the mean values of potassium extracted at different concentrations
of ammonium acetate were not statistically significant. The results of the analysis of variance showed that the main
effects of soil type and potassium fertilizer were significant (p<0.01) for dry matter weight, potassium
concentration and uptake. However, the interaction between soil and fertilizer was not significant for dry matter
weight. Based on the strong correlation between potassium extracted by NHsOAc at concentrations of 1, 0.5, 0.25,
and 0.1 molar and the relative yield and plant response indices, these concentrations can be considered suitable for
use in these soils. By using the Cate-Nelson graphical method, the potassium critical level with concentrations of
1, 0.5, 0.25, and 0.1 molar was 250, 250, 255, and 250 mg kg™ respectively.

Conclusion

The results showed that reducing the concentration of ammonium acetate does not affect the efficiency of this
extractant. The results showed that the amounts of available potassium extracted with NH4sOAc at different
concentrations were close to each other, with less than one percent difference. Commonly, NHsOAc 1 M is used
for extracting available potassium; however, our results show that lower concentrations of NH4OAc (0.5, 0.25,
and 0.1 M) can be effectively used as a substitute to the 1 M solution. Therefore, it is recommended to use 0.1
molar ammonium acetate for the extraction of available potassium. This substitution could result in a considerable
reduction in chemical consumption.
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Figure 1- Location of the study area map and soil sampling points in the Shahrekord plain
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Table 1- Some physical and chemical properties of the studied soil

los  PH EC Sk cdl o Gl o Il Jslae S Ol S Jols cud, b
JB 1:2 1:2 ‘_?;9:31;
Soil Soil texture Clay Silt Sand Organic Calcium carbonate Cation exchange
number matter equivalent capacity
(d_1 Y (Cmol, kg?)
m-)
1 7.8 0.35 CL 274 240 486 0.90 385 21.2
2 7.8 0.32 CL 274 290 436 0.78 40.5 17.1
3 8.0 0.32 CL 254 260 486 0.65 235 213
4 8.0 0.32 S.C.L 234 260 506 0.40 34.0 15.3
5 7.9 0.33 CL 374 180 446 0.45 35.0 25.0
6 8.1 0.32 S.L 194 160 646 0.32 46.0 15.0
7 7.9 0.31 SL 174 160 66.6 0.23 335 20.0
8 7.8 0.37 SL 174 200 626 0.82 43.0 18.0
9 8.0 0.31 C 414 280 306 0.51 38.0 23.7
10 8.0 0.35 CL 234 380 386 1.30 33.0 19.1
11 8.0 0.35 C 434 340 226 0.97 29.0 21.0
12 8.0 0.35 CL 354 380 26.6 1.28 26.5 20.3
13 8.1 0.31 CL 274 300 426 0.59 44.5 17.0
14 8.2 0.36 CL 354 36.0 286 1.05 45.0 18.5
15 8.1 0.35 CL 334 400 266 1.66 43.0 23.2
16 8.1 0.31 S.C.L 254 300 446 0.71 44.5 19.0
17 8.0 0.33 CL 294 420 286 0.83 20.0 21.7
18 8.2 0.37 CL 274 320 406 1.53 39.5 19.1
19 8.0 0.42 CL 294 380 326 0.88 25.0 155
20 8.2 0.35 CL 314 320 36.6 1.43 38.0 19.5
21 7.9 0.34 CL 294  28.0 426 1.33 24.0 21.7
22 8.0 0.33 C 474 280 246 0.72 36.0 211
23 8.0 0.31 SCL 314 120 56.6 0.41 44.5 18.0
24 8.0 0.33 C 474 260 266 0.55 385 18.4
25 8.1 0.33 C 434 200 36.6 0.70 29.5 21.7
26 8.2 0.30 C 434 220 346 0.50 34.0 21.7
27 7.8 0.31 CL 334 220 446 0.83 235 23.0
28 7.7 0.33 S.L 194 160 646 0.48 20.0 223
29 8.1 0.31 C 414 320 266 0.90 26.5 24.8
30 8.1 0.32 C 414 320 266 0.68 30.0 214
OeSiles 0.8 0.33 33.0 280 390 0.83 344 20.0
Mean

) i) 2 D o) (29 D o)
SL: Sandy Loam .SCL.: Sandy Clay Loam CL: Clay Loam .C: Clay
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Table 2- Available potassium concentrations in soil (mg kg?) extracted using NH4OAc at different concentrations

S 5l Jboy ) powigel Gliwl  Jloyi +/0 pgwigel Cliw!  Jloyi +/V0 ponigel Gliwl  Jloyi +/Y pawigel Colins!
Soil number NH:OAc 1 N NH2OAc 05 N NH2OAc 0.25 N NH:OAc 0.1 N
1 301 302 304 308
2 352 350 323 341
3 206 208 209 216
4 272 274 276 280
5 195 205 207 190
6 310 299 297 303
7 242 237 230 262
8 168 160 155 157
9 285 282 281 288
10 338 334 330 330
11 311 308 290 290
12 295 291 290 283
13 187 184 177 171
14 230 229 228 227
15 377 377 379 382
16 332 334 329 334
17 456 459 474 a7
18 324 324 318 309
19 390 393 405 400
20 324 324 327 308
21 590 596 598 581
22 218 224 226 220
23 184 189 190 202
24 283 311 314 320
25 258 270 269 283
26 250 245 248 238
27 251 249 251 247
28 403 359 358 356
29 308 306 303 300
30 343 341 340 305

Mean ,.Silo 299.432 298.80° 297,532 296.73°

eslloss (5550ke (ym SIS 295 Sl it B9 >
Similar letters indicate no significant difference among the treatment means.
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Table 3- Analysis of variance for the effect of ammonium acetate concentration and soil type on the amount of extracted

potassium
il pd palio NSRS o0l 1 p50in] iy jlalle Olag po il
Source of variation df Mean square of extracted potassium content
Concentration effect clale i 3 135"
Soil sk 29 92744%
Concentration effect x Soil S1 x cble 3l 87 246*
Error s 240 1

o>V Glaebl maw )3 b dxe ¥ g b xe s S

™S: non significant and **: Significant at the 1% level of probability

by glade 9 S1& £o3 g lond )d iy D g CAAE 9 ©)5 SUWiS odlo (il ylg 4o gl - Jooa
Table 4- Analysis of varianceresults for maize dry matter, potassium concentration, and potassium uptake as affected by soil
type and potassium application rate treatments

Ol o e Mean of Square

O pds 2alio Gl an,d S odle 3 Sles by il by i
Source of variation df Dry matter Potassium Potassium
concentration uptake
S g4 Soil type 29 26.17 ™ 1.45™ 0.074™
el lude Potassium content 1 38.34™ 4455 0.878 ™
el luie x S5 g4 Soil typex Potassium content 29 2,841 0.535 ™ 0.013 ™
s Error 120 3.84m 0.08 ™ 0.007 1
Ol co o Coefficient of Variation 26.4 18.7 35.0

Mgize pf 1™ g a3 ) Jlain] s 45 Iy xe
**: Significant at the 1% level of probability and ™: non significant

©ax90] Ciliw! Bliseo (GLCIIE 15 2uwd (6 S0 ks puwliy pdlio Cp (Siwnsod =0 Jgua
Table 5- Coefficient of correlations between potassium extracted by NH4OAc at different concentrations

Extractant xfa)l.\a.c Ve «/Yo ro%.:’ai Olw! Y0 +/0 ,oyy,oi Olwl Y90 ) fog-y’oi Ol
NH4OAc 0.25 N NH4OAc 0.5 N NH4OAc 1N
NH40AC 0.1N Yoo /) pgsigel bl 0.99" 0.99" 0.99"
NHsOAC 0.25N ,Yss /Y0 pssigel cli 0.99™ 0.99"
NHsOAC 0.5N ,¥se +/d psigel lis 0.99"

2o ) Jlain] pdaw )3 Iy gxe
**: Significant at the 1% level of probability
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Table 6- Effects of potassium fertilizer on plant parameters

S o lowd

, LS &l (o 380 el JS s ey Cdale e odlo 5 Slos
Nusralkl)er Plant response Relative yield Potassium uptake Potassium concentration Dry Matter
(g pot%) A (mg pot*) A (g pot?)
s iy gl
Potassium application levels (mg kg)
100 0 100 0 100 0

1 -0.92 109.20 460.99°  438.94° 4.61° 4.02° 10.0% 10.922
2 2.27 83.57 620.04°  314.60% 4.49° 2728 13.81° 11547
3 0.98 88.62 343.81°  204.66% 4.0° 2.68° 8.60° 7.628
4 -0.67 107.50 501.56*  439.19% 5.58° 4.55% 8.982 9.652
5 3.38 70.21 565.09°  308.15% 4.98° 3.878 11.33° 7.952
6 0.51 95.23 41958 254222 3.940 2,518 10.64¢  10.13®
7 2.07 77.22 403.282  260.89% 4.43° 3.712 9.10° 7.032
8 1.94 85.38 606.80*  479.73? 4.562 4228 13.30°  11.352
9 3.66 125.77 947.29° 553,182 5.30° 3.892 1420  17.86°
10 0.67 94.80 594.14>  441.062 4.61° 3.618 12.872  12.202
11 0.11 98.88 496.84°  338.772 4.91° 3.382 10.112 10.0?
12 -0.24 102.54 399.97¢  340.65% 4.25b 3.532 9.422 9.662
13 0.47 94.48 446.01°  258.712 5.23° 3.218 8.532 8.062
14 0.06 99.59 646.45*  593.722 4.45° 4.10° 14512 14.45°
15 -1.33 117.75 315.40°  296.642 4,220 3.378 7.472 8.792
16 2.22 85.88 808.54°  507.46% 5.13° 3.75° 1575 13,522
17 0.20 102.07 422.57*  392.23% 4.28° 4.06° 9.662 9.862
18 2.49 84.0 832.06 602.122 5.35° 4.61° 1555  13.06%
19 0.38 94.92 300.19*  178.172 4.05° 2.532 7.428 7.042
20 0.55 92.74 361.87¢  299.412 4.74° 4232 7.632 7.082
21 0.08 99.37 528.38%  503.422 4422 4.242 11952  11.882
22 0.82 91.25 553.86°  263.93? 5.94° 3.10% 9.322 8.512
23 1.51 86.48 545.822  423.10° 4.892 4.38% 11.16° 9.65?
24 1.08 91.03 616.73°  508.99° 5.11° 4.632 12.082 11.02
25 2.20 83.42 638.15°  466.272 4,820 4.22° 13.24> 11,052
26 2.66 78.98 671.45° 411,672 5.31P 4,128 12.65° 9.992
27 2.22 81.84 522.92 278,792 4.27° 2,788 1223  10.012
28 -1.27 114.93 392.41*  390.272 4.60° 3.982 8.532 9.802
29 0.62 94.97 528.64°  391.66% 4.27° 3.33 12.362  11.742
30 -0.93 109.60 487.89°  486.22° 5.06° 4.60° 9.642 10.572
‘ICI'Z’:; 0.93 94.74 532.62°  387.56° 4,730 3.732 11.06°  10.40°

ol 33y 50 50 bjlos (1Sl (e BB 390 ) Silo ailiie gy
Similar letters indicate that there is no significant difference among the treatment means within each row.
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Figure 2- potassium extracted by NH,OAc 0.1 M (mg kg?)
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Figure 3- potassium extracted by NH,OAc 0.25 M (mg kg
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Figure 4- potassium extracted by NH,OAc 0. 5 M (mg kg™)
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700

700

700

700



PV Sl b 5l oolani 5o oo g 5o slas muwliy » pawigol Oliwl Clalé anllias ol 5o 5 51y

Oy o )las clale o 4y ol JSTy 5 )l e S0
2 Bran pealy gaw 1y SB g Sl 453 Ui gols Cuns
oy S Jloin ] s )3 pawly Glds g cdale «Sis oolo 3 Slos
33 powgel bl ySo lac b o zl sl mawly jlade g > iz
oS Gl g o 08kes b (i e (Shser daclile
Ol gl ¢ppizat bl | Stasan b asld plo b Lol el
Sl o Ylais) Ciliseo (glacalé b posigel colial 5ol 4 3l
Shmw e il Sal S cwlie pSojlac lge 4
b posigel il ySojlac 3 (ol Gpgal (i5) b pely
YO+ NOD YO+ s yids oV g +/D oIV o]V Gilise (slaclale
V pgsigel Sl Jlowo | Ygano 392 p,SokS 0,5 a Y01
S 9 g0 485 000 oMl B liy (650 )l sl Ve
b paspel il Jgbxa 5l oslizl lKal 45 sl Lt gl oyl
S99 Y50 ) Joloe slo 4 (V9o /Y 5 2V 0/0) Syl clale
dge Bpas 13 ey JB o 4 eyl (pl & )
sl Y0 oI\ posgel il 5l 395 o0 a0 11 295 0 (liasdh

395 030l IS a5 S0 lac

References

«(Dordipoor & Farshadyrad, 2009) I, ¢3Li,8 5 y91.63,3
by (Sl s QLS il (ud SLSB (55, gladdlas >
il ol b gulimca (S g gy pS oolizl L
dgad Ga)liS SBpSskS oS ke YA 1) Voe ) paigel
J> (Muneshwar Singh et al., 2019) |,\Ken 5 (plo ladinige
S gy 41 V50 S poigel Sliasl o)l L iy Sl
il olj Glaptun b Jpwdrg cSE 3 gguli-cus
Oher 5 Llule aged (555 LS 50 mpwliy p,55LS YYD
Olidsd duwdo > a5 sladlls j> (Sandana et al., 2020)
P el Sl e g 0ad bl (b gz )3 (6)5laS
cliwl pSojlas b 1) Goudi=CuS Gppal Jhg) unjoum
idgei ()15 SB p)SolS 2 p)S e VIF V5o ) pgiigel

S 5 oS
il sl lale b paigel il S )lac o 3l ol gl

liy e p SB- g pSojlas g9 Sl )b S by 4joS
P},,}y.a] Ol @l gbcbale oS ol olis ond gl sl
b osdgl i) mawly Hlade o 5l eSS Ll wyly dg3 gles

1. Amorim, M.B., Rogeri, D.A., & Gianello, C. (2021). Potassium available to corn plants extracted by ammonium

o~

10.

acetate, ammonium chloride, Mehlich-1 and Mehlich-3 solutions in southern Brazilian soils. Communications in Soil
Science and Plant Analysis, 52(15), 1790-1797. https://doi.org/10.1080/00103624.2021.1892736

Ahrari, M., Owliaie, H.R., Adhami, E., & Ghiri, M.N. (2017). Study of potassium status and evaluating chemical
extractants for estimating available K in some soils of olive orchards of Fars province. Journal of Water and Soil,
31(3), 835-845. (In Persian with English abstract). https://doi.org/10.22067/jsw.v31i3.54445

Bray, R.H. (1958). The correlation of a phosphorus soil test with the response of wheat through a modified
Mitscherlich equation. Soil Science Society of America Journal, 22(4), 314-317. https://doi.org/10.2136/
$553j1958.03615995002200040013x

Black, C.A. (2013). Soil fertility evaluation and control. CRC Press.

Bazargan, K., Marzi, M., Hasheminasab, K.S., Shahbazi, K., & Zare, A.A. (2022). Optimizing ammonium acetate
procedure for determining available potassium in Iranian calcareous soils, testing the concentration and contact time.
Dryland Soil Research (DLSR), 1(1), 125-136.

Barooni, F., Owliaie, H., Adhami, E., & Najafi Ghiri, M. (2017). Comparison of some extractants for extracting
available potassium for rice in some soils of Kohgiluyeh Province. Applied Soil Research, 5(1), 13-24. (In Persian
with English abstract)

Cate, R.B., & Nelson, L.A. (1965). A rapid method for correlation of soil test analyses with plant response data. NC
State University Agricultural Experiment Station. https:/lib.ugent.be/catalog/rug01:000226900

Cate Jr, R.B., & Nelson, L.A. (1971). A simple statistical procedure for partitioning soil test correlation data into
two classes. Soil Science Society of America Journal, 35(4), 658-660. https://doi.org/10.2136/
$552j1971.03615995003500040048x

Dordipoor, A., & Farshadyrad, A. (2009). Determination of critical level of potassium for wheat and its response to
potassium sulfate in some loess soils of Golestan Province. 11th Congress of Soil Science of Iran, Gorgan, Iran. (In
Persian). https://civilica.com/doc/291759

Gee, G.W., & Bauder, J.W. (1986). Particle- size analysis. Methods of soil analysis: Part 1 Physical and
mineralogical methods, 5, 383-411.


https://doi.org/10.1080/00103624.2021.1892736
https://doi.org/10.22067/jsw.v31i3.54445
https://doi.org/10.2136/%20sssaj1958.03615995002200040013x
https://doi.org/10.2136/%20sssaj1958.03615995002200040013x
https://lib.ugent.be/catalog/rug01:000226900
https://doi.org/10.2136/%20sssaj1971.03615995003500040048x
https://doi.org/10.2136/%20sssaj1971.03615995003500040048x
https://civilica.com/doc/291759

VFef o070 oylod ¥R ul> (S g0l w5 FYA

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Ferrando, M.G., Barbazan, M.M., Garcia, F.O., & Mallarino, A.P. (2020). Comparison of the ammonium acetate,
Mehlich 3, and sodium tetraphenylboron as extractants to evaluate crop available potassium. Communications in
Soil Science and Plant Analysis, 51(8), 997-1005. https://doi.org/10.1080/00103624.2020.1744625

Fathi, S., Samadi, A., Davari, M., & Asadi Kapourchal, S. (2014). Evaluating different extractants for determining
corn available potassium in some calcareous soils of Kurdistan province. Cereal Research, 4(3), 253-266. (In Persian
with English abstract). https://dor.isc.ac/dor/20.1001.1.22520163.1393.4.3.6.4

Havlin, J.L., & Soltanpour, P.N. (1982). Greenhouse and field evaluation of the NHAHCO3- DTPA soil test for Fe.
Journal of Plant Nutrition, 5(4-7), 769-783. https://doi.org/10.1080/01904168209363007

Havlin, J.L., Tisdale, S.L., Nelson, W.L., & Beaton, J.D. (2016). Soil fertility and fertilizers. Pearson Education
India.

Hosseinpur, A.R., & Samavati, M. (2008). Evaluation of chemical extractants for the determination of available
potassium. Communications in Soil Science and Plant Analysis, 39(9-10), 1559-1570. https://doi.org/10.1080/00103
620802006693

Haby, V.A., Russelle, M.P., & Skogley, E.O. (1990). Testing soil for potassium, calcium, and magnesium. In R. L.
Westerman (Ed.), Soil Testing and Plant Analysis (3rd ed., pp. 181-227). Soil Science Society of America, Madison,
WI. https://doi.org/10.2136/sssabookser3.3ed.c8

Knudsen, D., Peterson, G.A., & Pratt, P.F. (1982). Lithium, Sodium and Potassium. Methods of Soil Analysis, Part
2: Chemical and Microbiological Properties. (2nd ed.). American Society of Agronomy and Soil Science Society of
America, Madison, Wisconsin. pp. 225-246.

Khodshenas, M.A., Ghadbeyklou, J., & Dadivar, M. (2021). Evaluation of chemical extractants and determination
of the potassium critical level in soils under the bean cultivation. Iranian Journal of Soil Research, 34(4), 451-463.
(In Persian with English abstract). https://dor.isc.ac/dor/20.1001.1.22287124.1399.34.4.3.2

Lalitha, M., & Dhakshinamoorthy, M. (2014). Forms of soil potassium-a review. Agricultural Reviews, 35(1).
https://doi.org/10.5958/j.0976-0741.35.1.008

Loeppert, R.H., & Suarez, D.L. (1996). Carbonate and gypsum. Methods of soil analysis: Part 3 chemical methods,
5, 437-474.

Meena, R.K., Amrutsagar, V.M., Verma, M.K., Seth, V., Meena, R., Kumar, M., & Jat, L.K. (2015). Critical limits
of potassium in soil and plant for increased productivity of Sorghum (Sorghum bicolor L.). Ecology, Environment
and Conservation, 2015, 116.

Muneshwar Singh, R.H., Wanjari, B.L., Abhay Shirale, L., Kumar, U., & Jamra, S.H. (2019). Response of crops to
applied potassium and estimation of critical limits in vertisols. Indian Journal of Fertilisers, 15(7), 748-753.
Nelson, D.W., & Sommers, L.E. (1996). Total carbon, organic carbon, and organic matter. Methods of soil analysis:
Part 3 Chemical methods, 5, 961-1010.

Nazari, T., Suseraei, N., Barani Motlagh, M., & Dordipour, A. (2021). Determination of potassium critical level
using Cate-Nelson method in quinoa plant. The 3rd International Conference on Agricultural Engineering,
Agronomy and Plant Breeding Studies, Tehran, Iran. (In Persian). https://civilica.com/doc/1402210

Rhoades, J.D. (1996). Salinity: Electrical conductivity and total dissolved solids. Methods of soil analysis: Part 3
Chemical methods, 5, 417-435.

Sumner, M.E., & Miller, W.P. (1996). Cation exchange capacity and exchange coefficients. Methods of soil analysis:
Part 3 Chemical methods, 5, 1201-1229.

Shokri Vahed, H.S. (2018). Evaluation of various concentrations of ammonium acetate in potassium extraction and
its critical levels determination in some of paddy soils. International Journal of Farming and Allied Sciences, 7(1),
6-11.

Sandana, P., Orena, S., Rojas, J.S., Kalazich, J., & Uribe, M. (2020). Critical value of soil potassium for potato crops
in volcanic soils. Journal of Soil Science and Plant Nutrition, 20(3), 1171-1177. https://doi.org/10.1007/s42729-020-
00202-4

Thomas, G.W. (1982). Exchangeable cations. Methods of soil analysis: Part 2 chemical and microbiological
properties, 9, 159-165.

Waling, I., Van Vark, W., Houba, V.J.G., & Van der Leg, J.J. (1989). Soil and plant analysis, a series of syllabi: Part
7. Plant Analysis ProceduresWageningen Agriculture University.

Zarrabi, M., & Jalali, M. (2008). Evaluation of extractants and quantity—intensity relationship for estimation of
available potassium in some calcareous soils of western Iran. Communications in soil science and plant analysis,
39(17-18), 2663-2677. https://doi.org/10.1080/00103620802358797


https://doi.org/10.1080/00103624.2020.1744625
https://dor.isc.ac/dor/20.1001.1.22520163.1393.4.3.6.4
https://doi.org/10.1080/01904168209363007
https://doi.org/10.1080/00103%20620802006693
https://doi.org/10.1080/00103%20620802006693
https://doi.org/10.2136/sssabookser3.3ed.c8
https://dor.isc.ac/dor/20.1001.1.22287124.1399.34.4.3.2
https://doi.org/10.5958/j.0976-0741.35.1.008
https://civilica.com/doc/1402210
https://doi.org/10.1007/s42729-020-00202-4
https://doi.org/10.1007/s42729-020-00202-4
https://doi.org/10.1080/00103620802358797

Journal of Water and Soil
https://jsw.um.ac.ir LAl

Research Article
Vol. 39, No. 5, Dec. 2025-Jan. 2026, p. 479-497

Using Machine Learning Methods to Estimate Soil Erosion with the RUSLE
Model in a Part of Central Iran

M.S. Ghavami‘®'?, S. Ayoubi'='t*
1- Department of Soil Science, College of Agriculture, Isfahan University of Technology, Isfahan, Iran
(*- Corresponding Author Email: ayoubi@cc.iut.ac.ir)

Received: 19 October 2025 How to cite this article:
Revised: 10 December 2025 Ghavami, M.S., & Ayoubi, S. (2026). Using machine learning methods to estimate
Accepted: 16 December 2025 soil erosion with the RUSLE model in a part of central Iran. Journal of Water and
Awvailable Online: 16 December 2025 Soil, 39(5), 479-497. (In Persian with English abstract).

https://doi.org/10.22067/jsw.2025.95566.1502

Introduction

Soil erosion is the most important cause of land degradation in the world, which threatens the sustainable use
of the world's soil resources, especially in semi-arid regions. Despite the important implications of soil erosion in
sustainable land use, there is limited information about soil erosion in Iran’s watersheds. The lack of this
information is related to the complexity of erosion processes, which makes predicting soil erosion costly, time-
consuming and difficult. This difficulty has led to the development of various models and tools that seek to simplify
soil erosion models and improve our understanding of soil erosion patterns and processes. In recent years, with the
development of computer technologies, the evaluation of different machine learning algorithms used in creating
predictive models has become the focus of researchers. Machine learning models have been used in numerous
studies and have proven as a helpful tool for assessing and mapping various types of water-induced soil erosion.
Accordingly, machine learning methods could be used to study the K-factor to identify the areas with higher soil
erodibility potential. This research aimed to model and predict the soil erodibility coefficient using various
machine learning methods, introduce the most important parameters affecting the prediction of this factor, as well
as predict soil erosion using the RUSLE model, and ultimately present a soil erosion risk map in part of the lands
of central Iran.

Materials and Methods

The Revised Soil Loss Equation (RUSLE) model, which estimates annual soil erosion rate and evaluates
erosion risk by considering five factors rain erosivity (R), soil erodibility (K), slope length and percentage (LS),
vegetation cover (C) and conservative operations (P) was employed in this study. Across the study area, 100 points
were sampled using the cLHS method to calculate the spatial variations of the K factor. Some of the soil properties
including soil organic matter, primary particle size distribution, soil structure stability, and saturated hydraulic
conductivity were measured in the laboratory to aid in the K factor calculation. Subsequently, the K factor was
estimated using three machine learning methods (SVM, Cubist, and RF) and a map of its spatial variations was
predicted. R factor estimated using data from five climatic stations located within and outside the watershed. The
LS factor derived from a digital elevation model (DEM) with 12.5 x 12.5 m resolution. The P factor was considered
as 1, while the C factor calculated from the NDVI map. Finally, all factors were integrated into the RUSLE model
using ArcGIS to estimate the average annual soil loss.

Results and Discussion
The results of the effective factors in soil erosion showed that the western parts of the studied basin have more

Authors retain the copyright. This is an open access article distributed under Creative Commons
EY Attribution 4.0 International License (CC BY 4.0).
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rainfall than the eastern part of the region. The value of soil erodibility factor in agricultural lands and also in
highlands due to the topographical conditions had higher values than the pastures of the study area. The length and
percentage of the slope are other effective factors in the calculation of soil erosion. Moreover, the findings
confirmed that the amount of soil erosion increased significantly with the increase of the slope. The vegetation
factor exhibited high diversity across the region, with low values in areas of proper vegetation like agricultural
lands near the river, and high values in degraded pastures. In the study area, no conservation measures, including
cultivation on contour lines, strip cultivation, and traces or implementation of banquets, had been carried out. The
soil erosion in the central parts of the study area, which includes plains and lands with topographical changes and
low slope, had a lower amount than the high lands on both sides of the watershed. In addition to topography, issues
such as the loss of vegetation in pastures due to over-grazing and poor management are the main drivers of soil
degradation and high erosion in these areas. Various inappropriate management practices, unprincipled cultivation
and tillage, the conversion of pastures to low-yielding rainfed agriculture, and excessive grazing are primary
drivers of soil degradation in the study area. Factor K modeling results indicated that the random forest model
generally exhibited higher performance compared to Cubist and SVM models in almost all machine learning
modeling. In all cases, the combination of all environmental variables, including remote sensing indicators,
topographic features, and thematic maps (third scenario), resulted in the highest spatial modeling performance.

The results of the implementation of RUSLE model showed that the soil erosion rate for the study area was
8.27 ton/halyr. The erosion risk map was prepared using the RUSLE model for the study area and revealed that
the critical parts of soil erosion are located at the northeastern part of the basin, which should be given special
attention in the executive operations related to watershed management. According to this map, about half of the
study area has very low and low erosion, but about 21% of the study area is in severe and very severe soil erosion
classes, which require urgent measures to prevent sediment production in the sub-basin.

Conclusion

In predicting soil erodibility coefficient with DSM method, RF model had better results than Cubist and SVM
models. Implementing RUSLE model estimated soil erosion rate of the study area to be 8.27 ton/ha/yr. Soil erosion
classes were weak, moderate, severe and very severe with about 33, 20, 26, 18 and 3% respectively. About 21%
of the basin was classified as severe and very severe, which require urgent soil conservation measures.

Keywords: Digital soil mapping, Erosion factors, Geographical information system, Spatial changes
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Figure 1- Location of the study area and soil sampling points, Isfahan Province, central Iran
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Table 1- Description of some soil properties and soil erodibility factor (K) in the studied watershed (N=100)

Variable Unit Min Max Mean SD CV (%) Skewness  Kurtosis
SR KES oS b owNle Gl Blyodl Wl G o N S S
i VA 17 45 31.20 6.10 20 -0.34 -0.13
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i
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Skl 7 035 325 089 0.50 56 2.48 7.93
Soil organic matter
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Figure 2- The input factors for the RUSLE model: R factor (a), LS factor (b), C factor (c), K factor (d)
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Table 2- Validation criteria for predicting soil erodibility factor (K) using three machine learning models

Model Scenario | Scenario 1 Scenario 11
Jae V gylw Y gl Y gyl
R? RMSE MAE nRMSE R? RMSE MAE nRMSE R? RMSE MAE nRMSE
RF 0.078 0.0076 0.0052 21.03 0.283 0.0063 0.0044 17.38 0.317 0.0061 0.0042 16.88
Cu 0.153 0.0083 0.0056 19.60 0.266 0.0067 0.0047 16.40 0.282 0.0064 0.0047 17.62
SVM 0.167 0.0062 0.0048 1711 0.255 0.0056 0.0046 1545 0.231 0.0069 0.0048 19.04
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Figure 3- Relative importance of environmental covariates (%) for predicting soil erodibility factor: (a) Scenario (i), (b)
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Introduction

Wheat is the principal crop in Iran in terms of both production and cultivated area. Enhancing its production is
critically important for the economy and national food security. Assessing the water productivity of commercial
wheat varieties is key to achieving more efficient water use. Previous studies have demonstrated that wheat water
productivity is influenced by cultivar type and irrigation amount, with different varieties exhibiting varying grain
yields under both water deficit and surplus conditions. Increasing yield and water productivity depend on several
factors, most notably the selection of high-yielding, improved cultivars with lower water requirements, coupled
with irrigation management strategies tailored to the characteristics of these varieties, especially in hot and arid
climates.

Materials and Methods

A two-year field experiment was conducted during the 2021-2022 and 2022-2023 growing seasons at the
Safiabad Agricultural and Natural Resources Research and Education Center, using a randomized complete block
design with three replications. The experimental treatments consisted of five irrigation levels (25%, 50%, 75%,
100%, and 125% of crop evapotranspiration) as the horizontal factor and six bread wheat cultivars (Azadegan,
Ouij, Barat, Jalal, Darion, and Mehregan) as the vertical factor.

Following land preparation, fertilization with macronutrients was applied before planting and during the
vegetative growth stage, based on soil test recommendations. Sowing was performed using a Wintersteiger row
planter, and irrigation was supplied via a T-tape drip irrigation system. Water was sourced from the Dez irrigation
and drainage network. The designated irrigation treatments were implemented starting from the third irrigation
event, with water volumes measured using volumetric water meters. Crop evapotranspiration was calculated using
the evaporation pan method, and soil moisture balance was monitored by auger sampling and the gravimetric
method. Weed control was achieved through appropriate herbicide applications.

Results and Discussion

In the first and second years, total evapotranspiration (ET) was 310 mm and 300 mm, while total rainfall was
145 mm and 289 mm, respectively. Accounting for effective rainfall, the irrigation treatments supplied 42, 62, 82,
102, and 122% of the crop ET in the first year, and 60, 76, 89, 103, and 117% in the second year. A combined

Authors retain the copyright. This is an open access article distributed under Creative Commons
EY Attribution 4.0 International License (CC BY 4.0).
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analysis of variance revealed a significant year effect. The grain yield of the cultivars in response to ET showed
maximum variations of 10% and 30% in the first and second years, respectively. Water productivity, measured as
grain yield per millimeter of water consumed, ranged from 18.43 to 22.38 kg ha™ * mm™ 1. By selecting an
appropriate cultivar and managing deficit irrigation, the applied water productivity and crop water productivity
indices increased by 63% and 93%, respectively. The relationship between plant water supply and grain yield
followed a quadratic function. Based on this model, the optimal deficit irrigation strategy was to supply 70% of
wheat ET, which resulted in an acceptable grain yield reduction of approximately 15%. Across irrigation
treatments in both years, the Darion, Mehregan, and Jalal cultivars exhibited higher average grain yield and crop
water productivity than the mean of all cultivars. A cluster analysis was performed using R software, based on the
regression coefficients of the grain yield, relative water supply, and evapotranspiration data. The cultivars were
grouped into distinct clusters, and practical, cluster-specific management recommendations are provided.

Conclusion

Hot and dry climates are characterized by high variability in evaporation, precipitation patterns, and crop water
requirements across different wheat growth stages. Consequently, to achieve sustainable production and enhance
water productivity within the genetic potential of wheat varieties, breeding programs should target the
development of cultivars capable of producing more than 24 kg of grain per hectare per millimeter of water
consumed.

Keywords: Applied water, Productivity, Production function, Water consumption, Yield
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Table 1- Some soil physical and chemical properties of the experiment field
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Depth Texture Organic carbon PH Electrical conductivity = Apparent specific gravity
(cm) (%) (dS/m) (cm3/gr)
0-20 Loam 0.73 7.59 3.0 1.59
20-40 Loam Silt & Loam 0.55 7.63 1.7 1.69
40-60 Loam Clay 0.28 7.58 1.8 1.69
60-80 Loam Clay Silt 0.23 7.66 1.8 1.60
80-100 Loam Clay Silt & Loam Clay 0.19 7.69 1.4 1.59
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Figure 1- Evaporation, precipitation, evapotranspiration and cumulative irrigation requirement along with soil moisture
changes in the control treatment
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Table 2- Results of the two-year compound analysis of variance (mean square)
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ms, ™ and *: non-significant, significant at p<0.01 and p<0.05, respectively.
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Figure 2— Grain yield and crop water productivity — yield in composite treatments of two year
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Table 3- Analysis of variance of the independent variable, percentage of wheat water requirement, in a two-year regression
model for the dependent variable, percentage of grain yield of wheat varieties

J% pS By Sabe U&L‘ ol pd gy J)mbf‘ du”. T il s
sl Slrypo 09w 5 <l o O
Model Wh_eat Sources of df. Mean Reg r(_es_sion Std. Error of R Std. Error of
variety change Square Coefficients Reg. Coe. Square the Estimate
el Je Model 2.046E8™ A 130.860™ 3.986 0.899 233.203
1 Darion LasError 54383 B -0.612™ 0.040
JsTotal 11
z Je Model 1.672E8™ A 116.436™ 4.227 0.898 247.306
= 2 Ovuj LsError 61160 B -0.534™ 0.042
E JsTotal 11
S :" P J4e Model 1.807E8™ A 125.979" 5.341 0.834 312.496
& 3 Jalal LsError 97653 B -0.607™ 0.053
=+ JsTotal 11
g R Js Model 1479E8™ A 107.959" 6.548 0.672 383.123
X 4 Azadegan L3 Error 146783 B -0.486™ 0.065
S\/E“ JsTotal 11
<||c Be J% Model 1.884E8™ A 125.163™ 4.368 0.903 255.592
> 5  Mehregan LsError 65327 B -0.583™ 0.043
JsTotal 11
aly J4e Model 1.533E8™ A 123.315™ 5.882 0.658 344.148
6 Barat LsError 9 118437 B -0.636™ 0.058
JsTotal 11

Woyd B g ) il aw p3 (gl gime gyl xe pis S g4y ¥ 4 ** NS
ms, ** and *: non-significant, significant at p<0.01 and p<0.05, respectively.



5+4

Sy St g 055 waldl 10 U puiS (55l e ST (590 e oS0 g (6 puro

‘_r.....\..@ alold
Euclidean distance

(=}
modell ————

O ool )3 pyShS FV e e £ Verngin 5 Shoe bawgio Liulel oyl
3,8as ials ()b 18, opl cwl bl o8) ool o 250
2 Cuetl Plo S o) Sluer L;Lmd)L,,ﬂu;‘;,,g 5 LQd)Lﬁ]pf 5
205 b 12l g pialef] ol Sl 93 3,Skes oy o) )
Aby Jad bl ohg i)l b Bolas & ped Jlo ) 5)Sles
il J2lpe 33 0520 syl G )3 08y ol 4ty ooyl & 590
S allnS 53 08y ol Ao 93 gt o Cod 8L ol
Sly a8 oyl ol 5l Gl 5 Canl g8 oy opl pByl (1Sl
2955 ) e ol 5 g Canlls byl ) (ogs 0,kas ()luk
VN bl @l 08y 0,5 o )3 (oS G55 4 Jaoxito pB)|
o el ly pas ol ok yn slilar iSa )3l p,SokS
D9 5V gy ol Pl S 06S0lee 4 G >

e 5 @l 3031 gl p)] 0 )Shos ials” bzl (ol
bt culiS & sy e a4 )y Jad Ll la )b 5l (S6
J2lye 53 buwgio U oS (alld Ges b gyl (paaby g 4y s,
el fge pS (o) A

Pl o o s S o
O s Dl Al 93 bawgio sy (gl (oo O S5
plie 4 Jlas o 3 Slas a5 oyd 4 puiS Bl ond el
5 48 @l Caslosd prsy Jlo plat ) ool Cusy aldy
lp g paiS pB)l Ol (el 2oy Jitaws guiie uil)ly Julow
48 o o (F Jgi) ogmssS) Jbo 5o &l 3, Slas diasly it
(R? < 0.78) 1o y3 YA e sl Conans ditanly yuicio blusgs 500

|

model3

.|

model:

wheat varieties

XV l-e1§J1

5l 9 (Foww 5y Jo Cilpd (bl 2 piS o1 (grinauid ol 5,00 Y S
Figure 3- Clustering dendrogram of wheat cultivars based on regression model coefficients and Evapotranspiration
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Figure 4- Comparison of trend Changes in the ratio of water supply to grain yield of wheat cultivars
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Table 4- Analysis of variance of the independent variable, percentage of wheat water requirement, in the regression model
for dependent variables
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Dependent Model Sources of df Regression Std. Error of R Std. Error of
Variables change o Square Coefficients Reg. Coe. Square  the Estimate
Yo X 100/y y = Ax? + Bx J4e Model 2 41006.9™ A 1.793™ 0.108 0.781 6.347
max
LsError 9 B  -0.008" 0.001
JsTotal 11
CWPx100/ 0 y=ax+b JwModel 1 18186”  a 121217 9.608 0.765 8.3669
LsError 8 b -0.549™ 0.108
JsTotal 9

Do B gV Jleis! paws )d (6)b cxe gyl pixe pis Ay * g *F NS
ms, " and *: non-significant, significant at p<0.01 and p<0.05, respectively.
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Introduction

Phosphorus (P) is an essential nutrient for plant growth. In calcareous soils, the presence of calcium carbonate
affects the availability of phosphorus to plants. Due to the special behavior of phosphorus and its low availability
in calcareous soils of Iran, the need to identify crop varieties that are efficient in absorbing and utilizing this
nutrient is vital. On the other hand, following the global fertilizer crisis and the sharp increase in input prices,
focusing on efficient fertilization strategies has become an important priority. Among oilseed plants, sesame
(Sesamum indicum) ranks fifth in the world and second in Iran in terms of oil production. Despite its economic
importance, sesame has received less attention in phosphorus nutrition management studies. Therefore, this
research was designed and implemented with the aim of providing a practical solution to improve yield per unit of
phosphorus consumed, as a necessary step towards increasing farmers' profitability and strengthening the country's
food security.

Materials and Methods

This study was conducted as a factorial experiment in a randomized complete block design at Darab
Agricultural Research Station, Fars Province, for two years during the 2019 and 2020 growing seasons. Soil
available phosphorus was below the optimal range and the irrigation system used was drip irrigation. The soil
texture was relatively heavy, the percentage of soil organic carbon was low, and the equivalent calcium carbonate
was high. The soil was non-saline and the amount of available phosphorus and zinc was insufficient. The irrigation
water was non-saline. The treatments studied included five phosphorus levels (0, 5, 10, 15, and 20 kg ha? of

phosphorus from a triple superphosphate source with 20% phosphorus) and two sesame cultivars, Darab 14 and
Darab 1. The phosphorus levels, along with 50% of nitrogen fertilizer, 50 kg ha'! potassium sulfate and 30 kg ha-
! of zinc sulfate were applied before planting. The remaining required nitrogen fertilizer (50 kg ha* of urea) was
applied before flowering. At the harvest stage, yield and yield components, phosphorus and micronutrients
concentrations in the grain were measured. Nutrient uptake in the grain, seed oil percentage, and phosphorus
efficiency indices of the grain were also determined.

Results and Discussion

Authors retain the copyright. This is an open access article distributed under Creative Commons
EY Attribution 4.0 International License (CC BY 4.0).
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Based on the two-year average results, the grain and oil yield of the Darab 14 cultivar were 20.4% and 30.6%
higher than those of the Darab 1 cultivar, respectively. The number of capsules per plant, the number of seeds per
capsule, grain yield, and oil yield increased significantly up to the application level of 10 kg of phosphorus per
hectare (by 23.5%, 20.4%, 42.7%, and 52.9%, respectively), although they showed no significant difference
compared with the 5 kg P ha™ ! treatment. Therefore, for these cultivars, the application of 5 kg P ha™ 1 is
recommended in terms of grain and oil yield. Measurement of seed phosphorus concentration at different
phosphorus levels indicated that a range of 0.25% to 0.28% can be considered as the seed phosphorus sufficiency
threshold for these cultivars. Over the two-year average, the uptake of phosphorus, nitrogen, iron, manganese, and
zinc was higher in Darab 14 than in Darab 1. The maximum uptake of nitrogen was recorded at 10 kg P ha* (49.3
kg ha't), which was significantly different from the control treatment (36.3 kg ha*). However, with further increase
in phosphorus application, the amount of nitrogen uptake decreased. The maximum uptake of iron occurred at 10
kg P hal, but was not significantly different from the level of 5 kg P ha’. For the elements manganese, zinc, and
copper, the maximum uptake was also recorded at 10 kg phosphorus/ha. Further increase in phosphorus application
rate decreased the uptake of these elements. The uptake of zinc at 20 kg P ha' decreased by about 4.9% compared
to the control treatment. At all phosphorus application levels, Darab 14 outperformed Darab 1 in terms of grain
yield, phosphorus uptake, and phosphorus use efficiency. Darab 14 produced a higher yield per unit of phosphorus
applied compared to Darab 1. Sesame seed yield was positively and significantly correlated with seed phosphorus
uptake (0.82"™). Sesame is known for its strong root system and low nutrient requirements, but the present study
showed that sesame's ability to uptake phosphorus is limited at this level of available phosphorus (8.2 mg kg™).
Seed yield was significantly correlated with nitrogen uptake (0.82™), iron uptake (0.59**), manganese uptake
(0.86™), zinc uptake (0.75™), and copper uptake (0.73™).

Conclusion

By cultivating phosphorus-deficiency tolerant cultivars such as Darab 14, along with minimal phosphorus
fertilizer application (5 kg ha™ * under the present experimental conditions), farmers can not only achieve optimal
yield but also significantly enhance profitability and increase resource use efficiency in calcareous soils with
phosphorus deficiency.

For farmers, grain yield is more important than oil yield because sesame seeds are purchased based on seed
weight rather than oil content. This results in a more favorable profit-to-cost ratio based on the harvested seed
weight.
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s 38las = (pS5hS £ SS) shud Bpas 2
(1 b)) &> )3 (LS 13 p)56S) yand d [ (LS )3 p)S'5kS)

2 pSshS) wmls e ) jid Cle = Hiud Cle LI
(V alul)) yaud Jlogi 2 53 (S )3 pS6kS) jaud Gl / (LS

sold e > (lSe ) p)SskS) wls 3 Shes = Jaud o)

(1" alasly) yaud Jlows 2 53 (S 53 p)SokS) 4ils S / yaun
PUTE (kg kg™®) = grain yield (kg ha) / P uptake in grain
(kg ha*)

")
E:\l()JE = P uptake in Po (kg ha) / P uptake in Pyeatment (Kg
™)
PE = grain yield (kg ha') at Po/ grain yield (kg ha') at

Ptreatment

3- Phosphorus efficiency (PE)

Tl g (ol JolS SacSsh g B 53 JoysiSts o
ok > Jlo 93 53 9 (el Vo &g 93 G Alols g yio Bl
é.).}./ﬁ)‘l uajl&).&.wé)l.\sb ).) F)f?lf‘.g Y' 9 \() c\' ‘() «* Cs]aw)
PB)l 39y doS 08y 93 9 (Hamd Moyd Vo b Jua )b Cland pgw
Ao gy Sloged b ) W by Jeld ealiiwl 3y90 aouS
a5 25 i 5 Jub 45 5 2o e 51 B o) S oS g
Cudldyy g olo a3 VF 0 Jgl Sl 50 siwd Ojguody CuiS .0
M3 Ve pd cudls Gldas pgd Jlw sl .cd )5 plosl sle joe YV 5o
28,5 ool ole yge Yo 3 il g obo

oo lodoallysios 5 SBggell el (p338
3¢S doy B b pbul aS Wl lp Ol g SB Slides
loss 53 yand pdlie dfogl )i )3 p)TobS B+ ) (Byae (59
59y Sl LS )3 £ SelS T g ly Clilg p)Sols” 0+
YIeN Ay s yo) (A5 als o 5l iy 0SB pns cblS i
(Zavareh etal., 2008) |, \Kon g 0)lsj Ay (08 93 1S bl 5
Spae (0)g) JuSm )3 p)SokS 04) jlidy9e 9y 355 oxile Bl
JrsS el 3 ploml (S 8 B ¥ dlsye 3 35 09,5 KI5 A5
odliwl b, )3 I VIO olise 4 (Mo y5 iSdile ¢jya glacale
S Sead bwg (o S L et I Gl 9 (i (ol |
A5 gl

3o WY pgd Jlo 53 5 59, We o Jg) Jlo 5> cuiby clilee
3,8as linl g b 5 Sas Jlo jo 0 .88 pbol cislS 5l
S50l 390 (JgusS 2 53 &> 3 5 ol p2 )3 JguS Slasi)
5 BAD i olS cladiged ¢yjg i cdale o ol a8 5 )\8
VAO Jso JIalS ol8d Lausgs o 5l dny oysmaslyzd Lobesl 2
L) &l jhud clale ppimen (LANG, 1958) ui plosl (g,Sojll

1 Phosphorus utilization efficiency (PUTE)
2- Phosphorus acquisition efficiency (PACE)
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FAY) )b izo yoboas Jol Jhw 53 VF Clyls o8, ails 5, Slee
G sime @olds pgd Jlo jd Lol g0 ¥ Clyls 18, 5l i (ao)d
85 Jliza 51(F Jpaz) 25 oanlite 4l 3 Shae 5 1 35 93
Il 93 (ool bl )3 gles oy canl Koo 3ySae b x
S 2ySlas pad Jlw 3 12, S8 Y Clyls o8, 4y a5 Wil
L5 odalie ey 3Slas b odlaly b polie Mgy S Mg
Sdsime sgbas Jol Jlo )3 VW Ol 085 (489 3 Slas a5 g0
3,80 (Jls 93 1Sl p3 g s V s 18 51 (1o DO/A)
(¥ Jods) 29 Y Clyls w8y 50 0ads (6556l yi0lds

(¥)
% aslllao O‘ul dlmdﬁfo)’l.\i‘ LS‘)? d.)l..aﬁl J..bo 9 4 d
(Rehim et al., 2020, Kumar et al., 2017) . pbx!

&bl Juloi
) aeus SAS ljile 3 5l eolizal b (p <0.05) gyl Ll

a5 oS3 il azz (igeil b laSile duglis 3 plx]
Wb el Mo pd 0 Jleis |

=W
aSlac g1l g 9 Slac

3 b il jhud slajleg oS dad o ol ¥ Jous
st 9y g ab 3 Slee pinen LD (JguwS o > b

208 8,1 5 Shos 5 yad U axllhed j90 W led ST (Slar o 6le) 08 3o byl 4525 —Y Jgie
Table 3- Composite analysis of variance for the studied treatments on the sesame cultivars yield parameters

a .
S Zalio )' i W 45 JomusS dluxi JgunS 3 4ld dlaxs s 3,5los 05932
SOV &3 Capsules per plant Seeds in capsule Grain yield Q'I
df yield
JL Year (A) 1 5841** 1.29 34368 275"
sl Block 2 81m™ 123* 108519* 41663**
Ju 2 S5k Block 2 240 1.99 7603 135
(year)
3, Cultivar (B) 1 8.07™ 43.70™ 582529** 238594**
AxB 1 2.40™ 0.45"™ 473126** 102804**
S i P rate (C) 4 590** 185.50* 254158* 70569**
AxC 4 44.40™ 3.70™ 306905™ 5346ns
BxC 4 22.20ns 76.80ns 10221" 17459
AxBxC 4 10.03" 0.93™ 30537™ 7004
s Error 36 140 31.50 25421 6846
Sy s CV (%) - 15 9.30 15 175

L jla oy )b pixe M pae Sl NS 5 o0 B 5 ) maw ) aylews (g)ld gime Sy # g s Codle
* and " indicates the significance of the treatments at the 1 and 5 percent levels, and ™ indicates no significant difference between
the treatments

2008 oLS (yg; 9 41 3, Shos r JUo g o3 U € Jgue
Table 4- The influence of cultivar and year on the grain and oil yield of sesame

4l 3,5os Of9 2,5es
Grain yield Oil yield
kg hat kg hat
5, Cultivar Yearl Year2 Mean Yearl Year2 Mean
y olyls Darab 1 900 b 1030a 965b 372¢  450b 411b

\¥ olyl> Darab 14 1275 a 1050 a

1162 a 580a 493b 537a

At > cme glds 151 1o )3 O Jlessl prdaw > SIS ygejl s 1 e il (g )lol gy (gl (gt by 4SSl Sikie
The means in each column with the same statistical letters are not significantly different at the 5% probability level according to
Duncan's test.
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bt SB o b jhd Sy G 5w 4w
Gk il yews L(Igbal et al., 2023) wb o Gilidl (gl bz
Wei ) wicy d9u0 1y (19, 9 4ild 5,Slas Wilg5 oo caliseo (gl pams

(et al., 2015; Da Silva et al., 2015

dily l3e polic pil g el (gl gias

2o g i Qo o loiine Wb adlbe 3)0 (slajles
Joi2) 32l o 9 33500 «c59) coml gy Jold i polie
$5ie g9y el phud 5o ol o8y x Sl Blie S1.(8
P o g 5 59y b gy Slp) 392 3 dne Al e
Sl (o 0 Jlas! mhw 3 al Gy g 2oy Y Jles] pdaw
Bl S piomen 5 08y X jhud Zobaw dud gobaw X Jlo lite
Mgme sl polis Cla p jiud gohaw X o8) x Jlo 44w
(7 Jgiz) 298

5 9y 555 el (g b o wallae Jgl Lo
390 bl o8y 5l St sibsne ssba W SIS 08) 55 (e
e 5 89 53550 (ol ()35 i Ol pgd Jls )3 (Y Jgie)
yound Gl e Jl 93 (1SSlee 53 bl (o)l gme iglds W8 93y
Vol 8y 51 pote W bl o8y )3 (59 9 5K conl (5
Jsas wouS pB)] & S e ol ele @lie (Y J9i2) 2p
)b @l ol Gl plp Folite LUl (e Syl
(Wei et al., 2015)

9 3,Sdas glinl iy 5 Slas p j2ud Lol 5l 4 S0ke dunlio
).6.‘»..9 uwbﬁ‘ l; Lol 0 03)91 [ J5A> » .-\DLS &9) D)g\ln&
5 &b 2 ySlos ¢ JouuS 0 ald olawd gy > JounS dlidad (8 puno
(S ine sty J5SB 53 i p S V- o b sy 3,Slhe
L oandl a8 (100 OY/A 5 FY/Y ¥+ /¥ YV/0 Cus pay) cdl olsel
Tokaw 4 Cans 04 Db LS slagwly ;5 (6l bxe (iul38l ¢ youd
@l 4 g L (B Joua) 3,50 sl LS 53 jaud p)Soks Ve 50
0 Gpas pols ialosl Lulys 15 g pB)) ol (cly cosel Camsay
e Jsiees gy 5 6l 3Slas 55 a3 b p TS
el dpogi BB dingo
Jouwd cdale b oS 0 0,Sles jialS 5 b DS WS)e

Shehu et ) cuwl mls p,55LS" 15 2,5 Jeo V0 5l oS o yiws b8
al.,, 2010 & 2014; Vora et al., 2018; Jat et al., 2020;
Suchita et al., 2021; Priyadarshini et al., 2021; Ibrahim et

.al., 2014; Arslan & Gir, 2018; Younis et al., 2020
Gt plol s (S5 55yt 5 yme by 5 ,Shas ial38) el b
MO g MY Coipa) SB oyiwd b6 jawd S5 clale [oa
pie b (pg2 9 Jol Jlo sl S 2558 3 jiud o5 e
AR slales 13 58y g 4 3 Shes ialS g3 Slas (li jus
b (o GhSeny Jdsa Kl oo jhud S 53 p)Sols Y-
.(Colmer et al., 1995) usb plie jole plo b
Slgze « S5 asle gy slaaih ple b duslio j3 aouS
FB by 29, 3Shes (S5 Jole SIS 3 01 6 5VL o,
Slgi oo hnd b dinge A5 Conl baye (23355 Copto b (295
Gao et) wisy deup 1) (89, M5 4D g oy ol Wy
Jobds yawd DS (Kumari & Saritha, 2017; al., 2025

22uS 3,8l (B Had iy yhwd BB il Jeol 51-0 Joua
Table 5- The main effects of different P rates on yield parameters of sesame

BUIWERARY R Qgr 4> JogmmS dlaxi JgumsS 3> &l dlani &l 3 ,Shos o9y 2 5des
P rate Capsules per plant Seeds in capsule Grain yield Qil yield
kg ha? - - kg ha! kg hat

0 68 b 54 b 871d 376d
5 75 ab 60 a 1115 ab 522 ab
10 84a 65 a 1243 a 575a
15 83a 62 a 1072 be 458 be
20 83a 60 a 979 cd 439 cd

s I3 gxe glis BB o yd O Jleas ] paw p3 4SSl 905l Hai j ditaas lie (gylel By gl gt a0 &S olb ke
The means in each column with the same statistical letters are not significantly different at the 5% probability level according to
Duncan's test.
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Table 6- Composite analysis of variance for the studied treatments on the sesame nutrient uptake

e glie o ped Clda 0o e (5 Dl PR e palda e Dl
SoVv P uptake N uptake Zn uptake Mn uptake Fe uptake Cu uptake
JL Year (A) 1 1.19* 296* 282** 875" 3801" 20.8™
sk Block 2 04m 228* 219** 4902*  289551**  120**
Jl > S5k Block(year) 2 0.22 39 4 316 55578 43
3, Cultivar (B) 1 3.74%* 1115** 576** 10186**  88355* 65"
AxB 1 46** 956** 462** 7567**  79373* 221%**
sawd uioPrate (C) 4 26%* 422%* 295** 3836** 83901**  120**
AxC 4 0.21™ 53" 72" 459 13765 15"
BxC 4 018" 40m 31 313ns 2885ns 28™
AxBxC 4 02@ 52" 17 492" 4289 13
s Error 36 024 52 37.4 433 11221 22
Sy oo CV (%) - 17 17 19 16 19 23

L jla )b xe MBS pae SLo NS 9 0o > B 5 ) daw ) aylas (g)ld gime Sy # g s Codle
= and " indicates the significance of the treatments at the 1 and 5 percent levels, and ™ indicates no significant difference between
the treatments.

WS 08y 95 p3 lié polic Cia p Jlw g o8, WU -V Jgua
Table 7- The influence of cultivar and year on N, P, and Mn uptake of two sesame cultivars

039 wda N uptake swd Oda P uptake 5% ©da Mn uptake
kg hat kg ha g hat
3, Cultivar  Yearl Year2 Mean Year 1 Year2 Mean Year1l Year2 Mean
Darab 1 38b 41b 39.4b 250b 277b 264b 108 ¢ 123bc  116b
Darab 14 54 a 42b 48 a 355a 272b 3.13a 157 a 127b 142 a
ol Ll Fe uptake e wds Cu uptake &9, ol Zn uptake
ghat ghat ghat
Cultivar Yearl Year2 Mean Yearl Year2 Mean Yearl Year2 Mean
Darab 1 482 b 538b 510b 18b 21ab  19.8a 28b 29b 28.8b
Darab 14 631la 542 b 587 a 24a 19b 219a 40a 30b 35a

s I3 gxe glis BB o yd O Jleas ] paw p3 4SSl 905l Hai  ditaan i (gylol g gl gt a0 S olb Sibe
The means in each column with the same statistical letters are not significantly different at the 5% probability level according to
Duncan's test.

Sound p,SLS D Bpno b aS w Jols )l 13 4aud p)SeliS Y
Sy Al yawd colas Jde laisds ) doyd /YA L /Y0 clale
(A dgiz) <85

polis Qo g by jaud cals  jiud Lol Bl (5:S0ke dulie

Al > yans clale ol ond o3ygl A Jgas ) asdllas dy90 olie
Ssime il 1 LS )3 £ SokS O paw b jiud By 381 L
L5 odmliie ()l dne Cglis yaud slaw oy dbasly pl )3 Lol ecdly
gaw 3 ofg) 5 b 3o (i &Sl & colie b (A Jgie)

)‘i‘“ 9 ™S9y ‘O"’i 039 ‘)M d)"‘-é )"u" ERES 9 )M wdile x )M d“”)L%’“ uJ*" )-" -A JS-‘?’
Table 8- The effect of the P treatments on P concentration and nutrients uptake of P, N, Fe, Zn, Cu, and Mn

JENCIREN S clale S P Oiorw N pKeMn  »iFe owe CU &9; 2N
P concentration wda Uptake
P rate i kg ha? g hat
0 0.247b 2.16¢ 36.3¢ 107d 433b 16¢c 27.6cd
5 0.252 a 281b 49.3a 144 ab 611 a 22 ab 349ab
10 0.280 a 348a 49.7a 149a 624 a 24a 38.2a
15 0.283a 3.03b 43.8ab 129 be 586 a 22 ab 32.2bc
20 0.298 a 2.92b 39.4 be 115cd 488 b 19 be 26.32d

s I3 xe iglas BB o )3 O Jlean ] gaw p3 4SSl 905l Jlas 3 ditan i (gylel g gl gt o 0 S ola Sibe
The means in each column with the same statistical letters are not significantly different at the 5% probability level according to
Duncan's test.
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Santa-Maria et al., ) 3,5 |3 (,.S0jlul 350 olS j dipo

(2015

S )3 jhud p)SokS Ve o p3 &l )3 Hhud Ol Ay
iy 2N sgis ool cnls oy b duslie 3 a5 a5 <l
Cunl (See ddyy bbb g ady) Hidle o Ol (A Jois)
ol Co5 yiad il ISl g je Jlasl g2y plgisa
Hunter et al., ) w4 48,5 a5 )5,k 10 yaud p)SelS Ve b«
adol S > oytod BB jaud oS clale ba ¢ pimen (2014
b )8 4 olS Gl g oS oS 3 )5 e V0 ) yieS oS
gm0 oy |y mlie pa YL Folaw b (20348 clil arily agy
inl38l by o o] Canjlame 5 S codl g CutS 4 o
oiliel el S j3 yaud p 5ol Y 9 VO 4 Ve 5l jand s
(Colmer et al., 1995) aib bls,l »» olie

5 9y 550 ol oy ol cdlllasdygo siud (gla o
(A Jods) mls )3 131 cov gyld ine yobods 55 1y Ails 3 e
VAIV) U 53 jiud oS5k Ve a3 (s ol dnde
(LS 15 p,5 LS YE/Y) sl jlas b &S 0 o ([l o p)S'lS
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polic 4 oS 5l g (598 (slyy piw b a8 (+JAYT) il

3055 08,1 g hd Zgbans 31 o (PE) yhund 21,5 9 (PACE) yhund i (1) {PUTE) yiund b0 (2] )5 allus 93 (5nS5ko - Jgi2
Table 9- Two-year mean of Phosphorus Acquisition Efficiency (PACE), Phosphorus Utilization Efficiency (PUTE), and
Phosphorus Efficiency (PE) as influenced by phosphorus levels and sesame cultivars

o) ke dhaSles Aol byt pace  pE
Cultivar P rate Grainyield P uptake
0 819 2.07 396 - -
iy 5 1067 271 393 076 077
; 10 1122 3.15 35 066 073
Darab 1 15 958 261 368 079 086
20 875 2.63 332 079 094
0 923 2.24 412 - -
' s 5 1243 3.06 406 073 074
= 10 1363 3.75 363 060 068
Darab 14 15 1186 3.42 347 066 078
20 1097 3.20 343 070 084
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Table 10- The BCR of the grain and oil yields in different P rates

Sl

o - i i wsflee il T e o T G
Cultivar - Expense of P Increased grain o Net income of  Net income b o9
P rate from TSP yield Increased oil grain of oil BCRof  BeR ofoil
yield grain
(kgl.)ha (Toman. ha) (kg.ha't) (Toman. ha) - -
Darab 1 - - - - - -
5 1750 248 75 62000 35625 35.43 20.36
10 3500 303 149 75750 70775 21.643 20.22
15 5250 139 261 34750 123975 6.62 23.61
20 7000 41 165 10250 78375 -1.46 11.12
Darab -
14
5 25 320 51 80000 24225 45.71 13.84
10 50 440 143 110000 67925 31.43 19.41
15 75 263 136 65750 64600 12.52 12.30
20 100 174 -1 43500 -475 -6.21 -0.07

The ratio of benefit-to-cost (BCR)
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