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Introduction: The growing global awareness of the environmental and health risks associated with synthetic
chemicals has renewed interest in natural resources for pharmaceuticals, industry, and sustainable dye production.
Indigo (Indigofera tinctoria L.), a member of the Fabaceae family, has re-emerged as a crop of interest due to its
dual medicinal and industrial value. Traditionally cultivated in Iran, indigo leaves yield a stable natural blue
pigment widely used in textiles and cultural heritage preservation. Although synthetic dyes largely displaced
indigo in the nineteenth century, contemporary ecological and economic challenges have revived its importance
as an eco-friendly alternative. Indigo thrives in warm, frost-free environments but is highly sensitive to both cold
and heat stress, particularly during reproductive development. In semi-arid regions such as Shushtar County,
Khuzestan Province (Iran), high summer temperatures, soil salinity, and water scarcity impose major constraints
on cultivation. Sowing date and plant density are key agronomic factors that determine how crops adapt to these
stresses by influencing phenological development, reproductive success, and resource use efficiency. This study
aimed to assess the effects of sowing date and plant density on reproductive traits and seed yield of indigo under
semi-arid conditions to identify optimal management strategies for sustainable production.

Materials and Methods: Two field experiments were conducted over two consecutive seasons (2022—-2023) at
distinct sites: Shahid Bahonar Agricultural School (Year I) and Shahid Sharafat Greenhouse Complex (Year II).
Both experiments employed a split-plot design within a randomized complete block design (RCBD) with three
replications. Sowing date was assigned to main plots, and plant density to subplots. In 2022, six sowing dates
(April 29, May 19, June 8, June 28, July 18, and August 7) were evaluated in combination with four plant densities
(30, 40, 50, and 60 plants m™2). Late sowings (July—August) performed poorly and were excluded in 2023, when
only the first four dates were tested with the same densities. Seeds of the local Jiroft ecotype, known for resilience
in arid environments, were sown directly in sandy loam soils. Initial soil analysis in 2022 indicated alkaline
conditions (pH 7.56, EC 2.04 dS m™1), which improved in 2023 (pH 7.18, EC 1.59 dS m™). After thinning at the
3-4 leaf stage, stands were adjusted to target densities, and manual weeding was conducted throughout the season.
Standard agronomic practices were followed, including furrow irrigation and basal fertilization with urea,
diammonium phosphate (DAP), and potassium sulfate. Measured traits included pods per plant, seeds per pod,
thousand-seed weight (TSW), and seed yield (g m~2). Grain yield was harvested from the central subplot area to
avoid border effects. Data were analyzed using ANOVA, least significant difference (LSD) test at 5% probability,
correlation analysis, and interaction analyses with SAS v9.4 and SPSS v26.

Results and Discussion: Sowing date exerted a much stronger effect than plant density on reproductive
performance and yield (p< 0.01). The earliest sowing date (April 29) consistently produced the highest yields:
105.3 g m™2in 2022 and 114.2 g m2 in 2023. In contrast, the latest sowing (August 7) yielded only 47.5 g m~2,
representing more than a 50% reduction. Delayed sowing after mid-July exposed plants to severe heat stress
during flowering and pod filling, shortening the growing period and sharply reducing reproductive output.Plant
density significantly interacted with sowing date (p< 0.05). Medium density (40 plants m™2) maximized yield by
balancing efficient resource use with minimal competition. Higher densities (=60 plants m~2) intensified intra-
specific competition, reducing yield by 10-12%, particularly under late sowing. Conversely, very low densities
(<30 plants m~2) underutilized available resources.Among yield components, pods per plant showed the greatest
sensitivity. Under optimal conditions (early sowing, 40 plants m~2), plants produced up to 126 pods, but this
decreased by 45% with late sowing due to heat-induced pod abortion. Seeds per pod also declined sharply (from
9.8 under early sowing to 5.9 under late sowing), reflecting high-temperature stress during pollination and seed
set. In contrast, TSW remained stable (4.42-4.59 g) across treatments, indicating strong genetic control and
limited responsiveness to environmental or management factors. Correlation analysis confirmed that seed yield
was strongly associated with pods per plant (r=0.94) and seeds per pod (r = 0.87), whereas TSW had only a weak
relationship (r = 0.32). Thus, reproductive structure abundance was the primary driver of yield variability. Year-
to-year comparisons demonstrated notable improvements in 2023. Reduced soil salinity (EC decline from 2.04 to
1.59 dS m™) and lower pH enhanced nutrient uptake and physiological efficiency, supporting greater pod and
seed set. Additionally, exclusion of late sowing dates in 2023 minimized exposure to extreme heat stress, further
improving performance relative to 2022.
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Conclusion: The results highlight the decisive role of sowing date in determining reproductive performance and
yield of Indigo under semi-arid conditions. Early sowing (April 29) combined with moderate density (40 plants
m~2) consistently improved yield and reproductive efficiency, while delayed sowing and high densities markedly
reduced performance. The year-to-year improvement further demonstrated the positive contribution of enhanced
soil quality to reproductive success.

Overall, this study emphasizes that precise agronomic management—particularly early sowing and optimal
density—ensures stable and sustainable indigo production in hot, stress-prone environments. Given the growing
global demand for natural, eco-friendly dyes and medicinal plants, these findings provide a strong scientific basis
for the revival and expansion of indigo cultivation in Iran and similar semi-arid regions.
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Fig 1: Morphology of reproductive parts in indigo (Indigofera tinctoria L.): (a) Inflorescence, (b) Pod, (c) Seed
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Fig 2: Aerial view of the experimental sites in Shushtar city
(a) Year 2022 (Shahid Bahonar Agricultural School) b) Year 2023 (Shahid Sharafat Greenhouse Complex)
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Fig 3: Average minimum and maximum temperatures and rainfall in 2022 in Shushtar County
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Fig 4: Average minimum and maximum temperatures and rainfall in 2023 in Shushtar County

ssktods b ol a2l 1S5 4 b (RCBD) dalas JuolS' (slacSsl 5k B o b b sloc S g0y (ool 25
A o ypiand g o Jore Cugby e cad (ST CBl S Ol des J— dge Jase sl Seal I 5L ol S
SIS oo g ol duged (555U (s 5) bl (e 53y 53 450l LS adgl glapy 0,5 S sdy8 )5

M l) ‘L))‘)JL.’ C;wal 0.39.3 d)l.)w dﬂ] d])‘.) (L_:).C LY Lﬁ)‘“’ 0)494.:) u.«ol> d‘l.b&‘.e(& ).) u_‘ﬂ)f}:y 9 c5l> L:.l‘)..l} s(&dl)w .h.e‘.w



silod] (oot 3 30 s g5 5 4Ly IS S sl (9,3 aons (sl siSanl ] Sl e Ji S o & talef] Jlo o
85 )8 (b)) 090 (515 9 <3S )

Cnl 4B 85 jlas )3 (Subplot) o5 el Glgiear (LS 1515 5 (Main Plot) (Lol Juls olgisa cdlS 0,6 )b cnl »
Olejer s g liome slaglej 3 cutS Sllos (glal pilinne CdlS )6 i 12 508)5 © )90 bajlo Slhlos cuple (ulul » Sl
55 1 a5 (LS 5155 s o Jlio 3 a8lycge by 5 52 Sllas s 31 (5 05) Sas8 slansly 3 o] el o el
Caolyl Bl s S 5 adaw 5o Sinlyd 5 Cunl il Kl sl (ol b cusls ds o )3 ladigy o0 alold

S8 Jele g (31050 VF g 15 YV 9 Y s VA cudipud)l YA 5 Q) cusls fub is Jols Lol Jele o islojl gl Jlo
2 Ogld B> 4y 0ndap (oS gyl el b 4B8)S L85 )3 (@pe e pp g3 g e O Fe ) gy (S| aw Yo Jold
2 Bl )l S i o L s Ol Lol Jole ylyiedy cuslS gl & S 18,5 g0 bles ] conle
G2 o515l 3 )5 (5555 Gloj g aldd SIS 4y 5l 5 00 polej g Jlsdd Slles Lbd 4 SasS ilol slaasly
Ly 500 sloled 5 > gty 5eSasS S S5 s 3 o 555 sl 5 il s i 4B 55 (8 Jole sy
o 15233 51 4L 031 i oo o 3 €S Sllas sl 5 5 g5 (il (oo 3o el iyl Y 2B
)5 Ghalef] gl sl g <> (Il 4y e (J5S g (s s ilies gl b belgs e SSE 4 2255 L 3 )Ll

Sl )b layled 1 slo S idod adil by > 5 CllS loj dige 3g00me LA jglaioas ¢ ilejl Jol Sl
GBS oy 5 Bl Gaslis s3game ololis Bam b SLasT oyl s Jlasl (a5 jhs b plEin0s) s oS )
b8 il B 15 Jlasl olo sl po b cuigsd) ) caslS ol (i ool al 2 A8 3Ll 3y 0,95 (o0lsS 5 LosS 83154 ¢ asea
S G 93 o8 ol ol Jgl Jlo slienly o 35,5 sy (8 199 1008 5 Lo ofzg) lane sl i & oS Gl
Wby ol y g A elus ol j0 0,8 Sl da )0 ¥ oYL slod (om0 13 0lS (6,518 Judods (313,05 g 13 YY) plK y0n
L0055 phidngi (eokaidl o ely; Hlas 5l g ad COME 00 inS Lot 3, Sdas (sdo 0 O+ | iw talS 4 e

(VY JLo) p3 Jlo 13 citsianieg (sloless 1 55505 5 talef] (sl 1S ol 8 Glidl il dnaly ol s
o) 45 3501 (LBLassT el ulows 5 gl Lo cslmodls Gl as) plim s <l )b o> ol i poliie 4y (clilalST yaas
85 plol e sl g1 3 08 5 eule)] )b sluatiay B b ()l 2L

o) aig o815 o ylaz 5 (55 V9 003 VA i) Y 5 Q) g <l )l Jlex L pgd Jlo 5 Gtalej] om0
il 3,09y cul 28 Ll S5 aw b g (Bolar ol slacS ol )b B 13 0uds B (slac S g0ty (@yayie 3 g2 Fe 9 00
555 alyd dilaie alil Luly 3 1y s ol 5, Shas 51 50 (slolost Sl 538> (g oISl

(Blaimplite 5 (S 5 Ojpod (S (gt Ble Te—r Y 5l )b piges (SB plend 5 (K58 Sluogad b))l Gl
)W 5551 ol (el 5905 s sl S5k o 5303 ol Jo o (SadlS 51 J3) (palof] sl sl J e
2 ) S (oS Diged A w5 cpids 00,5 St (Composite Sample) oS 5 aiges o bS] 1 e g (5 )slaes (0
5 035 USDA 4 FAO _llaJliyes celod )bl b sillas (6l paises gy oyl b asgs (colStslojl Ll (el Jlo po 5 (Ssly o
S o e |y Liolojl pdaws JS 51 STB claosly cpagrosisles
13 o GUi |y S )7 Aig0d dus 35Sk ¥ g ) Jshin 53 0B 555 poolie 5 a5 plogl yiied S g Ol olEitylesl 55 ladises 5U
S e Sl Jlo o T 5 1) adlaie S IS Cundg oS



Field layout (Split-plot RCBD)
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Fig 5: Layout of soil sampling points in three randomized blocks using the W-pattern.
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Table 1. Physical and chemical properties of soil before planting (0-30 cm depth) in the first year
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Sand Silt(Z) Clay Auvailable Available Total Electrical Conductivity pH
() () Potassium Phosphorus  Nitrogen(%) (dS/my
(mg.kg™ ) (mgkg*)
39 48 13 480 7 0.20 2.04 7.56
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Table 2. Physical and chemical properties of soil before planting (0-30 cm depth) in the second year
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Sand Silt(z) Clay Available Auvailable Total Electrical pH
(%) (%) Potassium Phosphorus  Nitrogen(%) Conductivity
(mgkg™) (mg.kg™) (dS/m)
39 48 13 430 4 0.047 1.59 7.18
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Fig 6: illustration of the dimensions of the sub-plot, planting rows, and location of sampling for reproductive traits.
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Fig 7. Correlation network among reproductive traits
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Table 3. Analysis of variance for the effects of plant density and sowing date on reproductive traits of indigo (2022)
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(df) (MS) (MS) (MS) (MS)
(Block) gL, 2 185 ns 0.002 ns 0.15ns 12.5ns
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Planting date
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Density
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Subplot error
(Significant at the 5% level (p < 0.05) ** Significant at the 1% level (p < 0.01) = (P <0.01)7) gaw )3 )b ine* (P < 0.05)7 gaw 3 5 jno*
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Table 4. Analysis of variance for the effects of plant density and sowing date on reproductive traits of indigo (2023)
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Subplot error
(Significant at the 5% level (p < 0.05) ** Significant at the 1% level (p < 0.01) = (p <0.01)7) aw y5 b dne** (P < 0.05)70 pdaws 55 5 sixo
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Table 5. Mean comparison of the simple effect of sowing date (+ standard error) on reproductive traits (2022)

IS o) &l J)Sl-o.c @ Hl5m 59 - M > aild Ky B
Planting Date Seed Yield Thousand Seed Weight ~ Seeds per Pod Pods per Plant
(9/m?) (9)

March 30/cuzgns,) 95.7+3.9 453 +0.04 9.1+£0.3 115+4

April 19/cuiggs) ¥4 88.1+£3.6 451+0.04 87103 109+ 4

May 8/15,5 1A 82.0+34 4.49 £0.04 8.3+0.3 1034

June 28/, v 70.0+£29 447 £0.04 75103 95+3

July 17/, v 58.3 +2.4 4.45 £ 0.04 6.740.2 85+3

August 7/l 15 475+£2.0 4.42 £0.04 5.8+0.2 79+3
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Table 6. Mean comparison of the simple effect of sowing date ( standard error) on reproductive traits (2023)

3l o s als 5, Shes Qb i 59 B, aild Wy AU
& Seed Yield Thousand Seed Weight  Seeds per Pod Pods per Plant
Planting Date 2
(g/m?) (9)
March 30/cuigms) - 104.8 +4.3 456 +0.04 9.3+0.3 123+5
April 19/cuigs,l va 98.2+4.0 455 +0.04 8.9+0.3 115+ 4
May 8/5ls 3 YA 924 +3.8 453 +0.04 85+0.3 109+ 4
June 28/, v 775+3.2 4,50 +0.04 78+0.3 99 +4
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Table 7. Mean comparison of the simple effect of plant density (+ standard error) on reproductive traits (2022)

Y &l 5,Sles LUR ST GMe ) aild gy > A
Density Seed Yield Thousand Seed Weight Seeds per Pod Pods per Plant
(plants per m?) (g/m?) (9)
30 725+3.0 4.51+0.04 8.0+0.3 102+4
40 85.3+£35 453 +0.04 85+0.3 106 + 4
50 78.9+3.3 450 £0.04 8.0+0.3 100+ 4
60 708+29 4.47 £0.04 74%0.3 93+3

(YE+Y) i)y ©lio p (3,105kiw] glasd £) 05155 03l 151 (pailao s o A Joun

WSy @l 5,Slas &b l5a 55 M s 4y Loy yd AMe
Density Seed Yield Thousand Seed Weight Seeds per Pod Pods per Plant
(plants per m2) (g/m2) (9
30 827+34 4.53 £0.04 8.4+03 110+ 4
40 96.5+4.0 456 +0.04 89+0.3 114+ 4

50 89.6 +3.7 453 +£0.04 84+0.3 108 +4
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Density Seed Yield Thousand Seed Weight Seeds per Pod Pods per Plant
(plants per m?) (g/m?) (@)
60 80.5+3.3 450 +0.04 7.8+03 100 + 4

Table 8. Mean comparison of the simple effect of plant density (+ standard error) on reproductive traits (2023)
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Table 9. Mean comparison of the interaction effect of plant density and sowing date on reproductive traits (2022)

el o)t pgf b b)g\_l& b i s . aMe s ab Wy o A
Planting Dat Density Seed Yield Thousand Seed Weight Seed pod  Pod Plant
anting Date (plants per mg) (g/mz) (g) eeds per Po 0ds per Flan
z 30 925+3.8 4.55+0.04 9.1+0.3 120£5
2 é 40 1053 +4.3 4.56 +0.04 9.4+03 118+5
=L 50 97.8+4.0 4.53 +0.05 8.9+0.3 114+ 4
S o 60 87.2+3.6 4.49 +0.05 8.1+0.3 106 + 4
> £ 30 86.4+3.6 4.53 +0.05 8.7+03 1145
=g 40 96.0+4.0 455 +0.05 9.0+03 112+4
o 50 89.3+3.7 4.51 +0.05 8.5+0.3 108+ 4
© 3 60 80.7+3.3 4.47 +0.05 7.7+0.3 100 + 4

. 30 80.2+3.3 4.51+0.05 8.1+0.3 108 + 4

= <. 40 89.3+3.7 4.53 +0.05 8403 106 + 4
= 50 83134 4.49+0.05 79403 1024
60 75.0+3.1 4.45 +0.05 7103 94+3

o 30 68.5+2.8 4.48 +0.05 7.3£0.3 100 + 4
S % 40 76.2+3.2 4.50 +0.05 7.6+0.3 98 + 4
o < 50 709 +2.9 4.46 +0.05 7.0£03 94+3
@ 60 64.0+2.7 4.42 +0.05 6.2+0.2 86 +3
B 30 57.1+2.4 4.46 +0.05 6.4+0.2 90+3
S 40 63.5+2.6 4.48 +0.05 6.7+0.3 88+3
e 2 50 59.1+25 4.44 +0.05 6.1+0.2 84+3
60 534 +2.2 4.40 +0.05 54+0.2 76 +2

> 30 465+19 4.43+0.05 58+0.2 84+3
& & 40 51.7+2.1 4.45 +0.05 6.1+0.2 82+3
G < 50 48.1+2.0 4.41 +0.05 55+0.2 78+3
~ 60 435+18 4.37 +0.05 48+02 70 £2
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Table 10. Mean comparison of the interaction effect of plant density and sowing date on reproductive traits (2023)

M.K &b Dgrjs);ty S:(I;dj)j:Id Thousa:l:i )é:ehggweight S ub 32
Planting Date plants per m?) (g/m?) © Seeds per Pod Pods per Plant

z . 30 102.7 +4.2 458 +0.04 95403 128+5

2 % 40 1142 +4.7 459 +0.04 9.8+0.3 126 +5

e 50 106.3 +4.4 4.56 + 0.05 9.3+0.3 122+ 4

S 60 96.1+4.0 452 +0.05 8.5+0.3 114+ 4

> ¢ 30 96.2 +4.0 4.56 + 0.05 9.1+0.3 120+5

=] % 40 107.0 + 4.4 4.58 +0.05 94403 118+5

g 50 99.6 +4.1 4.54 +0.05 8.9+03 114+ 4

© 3 60 90.0+3.7 450 +0.05 8.1+0.3 106 + 4

30 90.5 +3.7 4.54 +0.05 8.7+03 114+ 4

=& 40 100.7 4.2 456 +0.05 9.0+0.3 11244

S = 50 93.7+3.9 452+0.05 85+0.3 108 +4

60 84.7 +35 4.48 +0.05 7.7+03 100 + 4

No gt 30 76.0+3.1 451+0.05 79403 104+4
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. Density Seed Yield  Thousand Seed Weight
Planting Date plants per m?) (g/m?) @ Seeds per Pod Pods per Plant
40 845+35 453 +0.05 8.2+03 102+ 4
50 78.7+33 4.49 +0.05 76+0.3 98+4
60 71.1+3.0 4.45 +0.05 6.8+0.3 90+3
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