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Article Info Extended Abstract

Article type: Introduction. Conventional agricultural systems' reliance on chemical inputs has led to environmental degradation, necessitating
. a shift towards sustainable practices like intercropping and biofertilizers. Intercropping, the simultaneous cultivation of two or

Research Article more species, enhances resource use efficienc ductivi d ecological resili hy h 1 logical nich
3 y, productivity, and ecological resilience through complementary ecological niches

and optimized canopy architecture. Concurrently, biofertilizers, such as phosphate-solubilizing bacteria (PSB) and arbuscular
mycorrhizal fungi (AMF), improve nutrient availability and plant growth while reduce chemical fertilizer dependency. This
synergy is particularly crucial for medicinal plants, where quality and sustainable production are paramount. This study
investigates the combined effects of different intercropping patterns and phosphorus sources on the yield and nutrient uptake of
two medicinal plants: Ajowan (Trachyspermum ammi L.), an aromatic plant from the Apiaceae family, and coronilla (Securigera
securidaca L.), a less-known legume from the Fabaceae family with traditional medicinal uses.
Article history' Materials and Methods. A two-year field experiment (2021-2022 and 2022-2023) was conducted in Mamasani County, Fars
. ° Province, Iran. The study employed a factorial arrangement within a randomized complete block design (RCBD) with three
Received: November 04, 2025 replications. The experimental factors were phosphorus fertilizer management (5 levels: P: 100 kg ha! Triple Superphosphate
Revised: November 30’ 2025 (TSP), B: 50 kg ha TSP + Phosphate-Solubilizing Bacteria (PSB), M: 50 kg ha't TSP + Mycorrhizal Fungi (AMF), MB: 50 kg
. hat TSP + PSB + AMF, Py: Control (N, P fertilizer or inoculation)), and intercropping patterns (5 levels: A;S;: 1 row ajowan +
ACCCpth. December 13’ 2025 1 row coronilla, A;S,: 1 row ajowan + 2 rows coronilla, A,S;: 2 rows ajowan + 1 row coronilla, Ay: Sole cropping of ajowan
and Sy: Sole cropping of coronilla). Seeds were inoculated with respective biofertilizers before planting. At flowering stage,
aerial plant parts were sampled to measure the concentration of Nitrogen (N), Phosphorus (P), Potassium (K), and Zinc (Zn).
Seed yield was measured at final harvest. Data analysis was performed using combined analysis over two years with SAS
software, and means were compared using LSD test at the 5% significance level.
Results and Discussion. The combined application of biofertilizers (MB treatment) consistently and significantly enhanced the
nutrient content in both plant species.The highest N content in ajowan (3.12%) and coronilla (4.84%) was recorded in the A;S;
intercropping pattern under the MB treatment. Intercropping, particularly A;S,, improved N uptake in ajowan compared to its
sole crop, likely due to biological N fixation by coronilla and facilitated transfer. The lowest N content was observed in the
control treatment (P0) and the A,S; pattern for coronilla, where shading by ajowan likely impaired nodulation and N fixation.
The MB treatment resulted in the highest P content in both plants. The synergistic effect between PSB and AMF was evident,
where PSB solubilizes P and AMF hyphae enhance its uptake and transport. The A;S; and A;S, patterns were most effective
for P uptake in ajowan and coronilla, respectively. Similar to N and P, the MB treatment significantly increased K and Zn
concentrations. The A4S, intercropping pattern also showed superior performance for Zn uptake in both species, attributed to
the secretion of different organic compounds in the intercropped rhizosphere that enhance Zn availability. The A,S; pattern
consistently resulted in the lowest nutrient content for coronilla due to intense competition for light. In contrast to nutrient uptake,
sole cropping (Ao and Sp) resulted in the highest seed yield for both ajowan and coronilla. The highest yields were obtained with
the full chemical P (P) and the combined biofertilizer (MB) treatments, which were statistically on par. The lowest yields were
recorded in the control (P0) treatment. The reduction in yield under intercropping, especially in the A;S; and A,S; patterns, is
attributed to interspecific competition, particularly for light. The taller and more vigorous growth of ajowan likely shaded the
coronilla plants, reducing their photosynthetic capacity and subsequent yield. The replacement of plant density in intercropping
also naturally leads to a lower density of each species per unit area compared to their sole crops.
Conclusion. This research demonstrates a critical distinction between nutritional quality and quantitative yield. While sole
cropping maximizes seed yield, the integration of intercropping (specifically the A;S, pattern) with combined biofertilizers
Keywords: (MB) optimizes nutritional value by significantly enhancing the concentration of essential nutrients (N, P, K, Zn) in the aerial
lntercropping, parts of both medicinal plants. The synergistic relationship between PSB and AMF was a key driver in improving nutrient
solubilization and uptake, allowing for a 50% reduction in chemical P fertilizer application without compromising nutritional

medicinal plants, quality. Therefore, for the sustainable production of medicinal plants where the concentration of active compounds (often linked

InyCOlThiZ&l ﬁlngi, to nutrient status) is a primary goal, the A;S; intercropping pattern combined with the integrated MB fertilizer treatment (50 kg
phosphate-solubilizing hat TSP +lPSB + AMF) is highl}f recommenclied. This §trat§gy successfully al?gns with the principles of sustainable agrigqlrgre
b . by enhancing nutrient use efficiency, reducing chemical inputs, and fostering ecological balance. For farmers prioritizing

acteria, maximum seed yield, sole cropping with integrated or full P fertilization remains the best option, though this comes with a higher
sustainable agriculture. environmental cost.
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Table 1. Physicochemical properties of the soil at the experimental site.

. Organic N
Year Text.ure Colay Sollt S?nd Carbon P ; K ] ) Zn pa EC
soil (%) (%) (%) (%) (mgkg') (mgkg") (2) (ppm) (ms)
2021  Silty loam 22 58 20 0.9 11.23 240 0.07 028 786 1.0
2022 Siltyloam 20 62 18 1.02 11.88 230 0.08 021 722 1.0
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Figure 1. Two-year average temperature and rainfall data for the experimental area.
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Table 2. Analysis of variance mean squares for the effects of intercropping and phosphorus fertilizer for macro and micronutrient content in ajowan and coronilla.
N of N of P of P of Zn of Zn of

S.0.v . . . . K of ajowan K of coronilla . .
ajowan  coronilla ajowan coronilla ajowan coronilla
Year (A) 1 0.55* 0.04 ™ 0.092 " 0.01" 30398726.12 ™ 2882407.93 ™ 15.40 1548.00 *
Replication (Year) 4 0.02 0.09 0.01 0.01 251216.36 166482.38 111.84 155.63
Cropping System (B) 3 1.40™ 3.15™ 0.003 ** 0.17 2393228.56 ™" 5342866.02 ** 624.25 ™ 2477.27
Phosphorus Fertilizer (C) 4 209 8.43™ 0.18™ 0.11 " 443492626 ** 7209278.27 ** 592322 ™ 3480.97 **
BxC 12 0.02™ 0.07 s 0.01" 0.006 ™ 95056.18 ™ 167844.20 ™ 21.12 149.25
AxB 3 0.02 ™ 0.02 s 0.002 s 0.008 * 91224.44 s 998220.47 " 4936 ™ 79.87 "
AxC 4 0.05™ 1.00 ™ 0.03 ™ 0.007 * 797289.40 ** 1273206.57 ** 139.01 ™ 144.57*
AxBxC 12 0.04™ 0.08 s 0.03 s 0.005 * 94866.10 ™ 109602.55 s 18.80 " 21.85™
Error 76 0.02 0.10 0.007 0.002 157588.72 86686.66 35.17 48.63
C.V. 6.19 7.65 15.76 9.31 8.53 5.54 9.56 12.08

Wiopd S g gy Jlein] g )3 ) gixe ¢l gixe puE ol gy T F S

ns *
’

, ™" non-significant, significant at p< 0.05 and p< 0.01, respectively.

Sloll s g 05 2lon pluil jolie Glyime sl 0jand 355 )5 Sl (iiSon y (Sl aalie I Jgoar

Table 3. Comparison of means for the year x phosphorus fertilizer interaction on shoot nutrient content in ajowan and coronilla.

Phosphorus N of ajowan P of ajowan K of ajowan Zn of coronilla Zn of ajowan K of coronilla
Fertilizer (%) (%) (mg kg'") (mg kg'") (mg kg'") (mg kg™
Yeae 1 Year 2 Yeae 1 Year 2 Yeae 1 Year 2 Yeae 1 Year 2 Yeae 1 Year 2 Yeae 1 Year 2
Po 3.05¢ 331°¢ 0.50°¢ 0.474 3779.7° 4562.6 4352.74 4632.5¢ 44.16 ¢ 39.33¢ 42254 41254
B 4.65® 429° 0.53° 0.52¢ 4351.6° 4906.5 ° 5749.0® 5144.4 ¢ 70.58°  7341%®  5750" 69.41°
M 4.16°¢ 4.66 2 0.56° 0.63° 4048.0® 53234° 4989.2 ¢ 5069.1 ¢ 66.50 © 68.41° 51.75¢ 61.50 ¢
MB 4.842 4.44 0.612 0.722 4602.3 * 6059.7 * 6091.6 # 5556.7* 76.50 2 78.58 2 70.252 77.75*

4.55° 4.33° 0.55° 0.712 3958.7° 4562.6 ¢ 6147.6* 5377.7 % 50.58 ¢ 74.16° 41.25°¢ 56.50 ¢

)l LSD 4y, il oalisl b (gl gime glds e S yidtio By S Jolis glyls a5 5o 1 Sho Jlos j2 5 g y2
In each column and for each treatment, means sharing at least one common letter are not significantly different based on LSD procedure.
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Table 4. Mean comparison of the year x intercropping x phosphorus fertilizer interaction for nutrient content in ajowan and coronilla.

Phosphorus Cropping N of ajowan (%) P of coronilla (%) P of ajowan K O.f Zn (?f
Fertilizer Systems (%) coronilla coronilla
Yeae 1 Year 2 Yeae 1 Year 2 (mg kg™) (mg kg™)
Ao 1.431 1.99 i - - 039 - -
So - - 0.49 fehi 0.46 & - 4778.0 4 430 %
Py AS, 1.94¢ 2.19 ehi 0.40 1 041¢ 0.46 cdef 4564.0 © 440F
AS; 2121 2.09 hii 0.47 ehii 043¢ 0.46 cdef 4572.6 ¢ 450°F
AsS, 1.68" 1.851 0.40 1 035" 0.42 <f 40559 F 35.00 ¢
Ay 2.28 def 2.27 feh - - 0.45 def - -
So - - 0.63 2b¢ 0.64 b - 5940.5° 70.5°
B AlS, 2.58 be 2.45 defe 0.54 defe 0.59 « 0.44 def 52339¢ 63.0 b
AS; 2.59 be 2.71 bed 0.61 2bed 0.62 b (.52 abede 5787.4° 70.8 2
AsS, 214 1% 2.30 fe 0.44 hii 0.44 % 0.47 cdef 4825.0 4 49.5 <
Ao 221°F 2.50 def - - 0.53 abede - -
So - - 0.59 bede 0.63 - 5296.8 ¢ 61.0°
M AiS) 2.65 b 2.79 be 0.49 fehi 0.59 ¢ 0.51 bedef 5053.5¢ 56.5 ode
A1Sy 2.88% 2.64 cde 0.52 efeh 0.62 4 0.57 abed 52293 ¢ 63.5 b
AsS) 2.43 cde 2.39 °fe 0.44 hi 0.50 °f 0.47 edef 4537.1°¢ 455¢
Ao 2.24 <f 2.42 °fe - - 0.46 cdef - -
So - - 0.66 20 0.71*2 - 5995.0 ® 82.502
MB AiS) 2,74 2,95 0.57 edef 0.69 2 0.53 abede 5892.7° 80.502
A1Sy 2.88% 3.12% 0.70® 0.64 20 0.58 2be 6118.3 % 84.00
AsS) 2.49 o 2.64 cde 0.46 ¢hil 0.40 & 0.50 bedef 5290.6 © 49.00 °f
Ao 2,14 f 2.29 feh - - 0.61 % - -
So - - 0.67 0.64 20 - 6310.0° 57.00 cde
P AiS) 2.45 ode 2.81°% 0.53 defeh 0.59 ¢ 0.65* 5851.9° 51.00 df
A1Sy 2,61 2.62 cde 0.63 2be 0.59 ¢ 0.53 abede 6019.0 ® 59.00 <
AsS) 2.32 def 2.49 def 0.397 0.55 4 0.50 bedef 4869.2 4 4350 F

35,165 LSD 4y g 51 onliial b (g)ls size glds et S o B> S JBlas ()b 45" Sl Sk Hlas g gt o 4

In each column and for each treatment, means sharing at least one common letter are not significantly different based on LSD procedure.
SFSLF 0 yaud 38 LS )3 p)SglS B+ 55yl =MB (55,5500 + 0500 365 S )3 p,S5kS B 3,) 8 =M (g 3SL + 0 jaud 358 )l 13 p S LS B+ 5,8 =Bl =Py
95 olbsj )y SO =AIS) (Sladl pods 0y S by @y S =A1S) (alb Sl joae S alls Gl =Ag 0 jrud 365 LS 3 p)SekS Vv Bpae =P 0k +
uLJ) u.qb) &: dlo]lu.u; Jﬂ)) 9 =A2$1 5&1@”‘):.3‘ Jﬂ))
Py= Control, B= Application of 50 kg ha™! phosphorus fertilizer + bacteria, M= Application of 50 kg ha"! phosphorus fertilizer + mycorrhiza,
MB= Application of 50 kg ha' phosphorus fertilizer + bacteria + mycorrhiza, P= Application of 100 kg ha™' phosphorus fertilizer, A= Pure

ajowan, S¢= Pure coronilla, A;S;= One row of ajowan + one row of coronilla, A;S,= One row of ajowan + two rows of coronilla, A,S,;= Two
rows of ajowan + one row of coronilla.
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Table 5. Mean comparison of cropping systems for shoot nutrient content in ajowan and coronilla.

Cropping Systems N of coronilla (%) K of ajowan (mg kg™) Zn of ajowan (mg kg™)
Ao - 4850.8 2 57.44¢
So 4592 - .
AiS: 4.13 ¢ 4654.02 63.86°
A1S2 4350 4849.02 67.53*
AxSi 3.83¢ 4250.8 ° 59.26 ¢

35,5 LSD ay4, 3l eslil b (g )b gime glds ety S yidio By S JBlis gl &S ol Kls o 12 5 gt o
In each column and for each treatment, means sharing at least one common letter are not significantly different based on
LSD procedure.
93 =AsS| (Sl wde a3y 93 o) sy S =ALS; (Sl wie ardy S b iy S =AS) (el Sl e -Sp (B L5 =Ag
oy @y S Sloll uis i)
A= Pure ajowan, Sp= Pure coronilla, A;S;= One row of ajowan + one row of coronilla, A;S,= One row of ajowan + two
rows of coronilla, A;S;= Two rows of ajowan + one row of coronilla.
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Table 6. Analysis of variance of intercropping and phosphorus fertilizer on grain yield of ajowan and coronilla.

S.0.v df Seed yield of ajowan Seed yield of coronilla
Year (A) 1 232.63" 382.27*
Replication (Year) 4 17.81 8.40
Cropping System (B) 3 6996.32™ 2364.90"
Phosphorus Fertilizer (C) 4 1175.23" 54447
BxC 12 46.46 1 70.47"
AxB 3 118.38" 25.27*
AxC 4 108.92* 8.62"
AxBxC 12 2330 431m
Error 76 34.14 2.94
CV 12.83 10.81

#2 % NS
¢«

o pd Sy g iy Jlel daw )3 )l gne )l dne pf S

", %, *": Non-significant, significant at p< 0.05 and p< 0.01, respectively.
Shodf s 4318 & Shos Jo—Y
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Table 7. Mean comparison of the year x phosphorus fertilizer interaction on grain yield of ajowan and coronilla.

Grain yield of ajowan Grain yield of coronilla
Phosphorus Fertilizer (kg ha'') (kg ha'')
Yeae 1 Year 2 Yeae 1 Year 2
Po 344.0°¢ 3953¢ 344.0°¢ 395.3°¢
B 359.5¢ 449.0® 359.5¢ 449.0°
M 459.5b 47220 459.9°b 472.2°
MB 493.9 ab 516.72 493.9 ab 516.72
545.8 2 517.02 545.8 2 517.02

5,5 LSD ay5, 51 ool b (g5 gine iglds b S yiiio By S Jlis (glys &7 oo 1 Sbo o yo g (ot o 40
In each column and for each treatment, means sharing at least one common letter are not significantly different based on
LSD procedure.

2SS 00 3,5 =MB 5k + 040 365 b8 )5 p,56kS B0 3,)8 =M (5 pSL + 0yaud 358 LS 43 p,TlS B 5p,5=B wals =Py
20 yhund 395 JliSa )3 )55l Voo Bpae =Pl 56Gle + (6L + 0 j0ud 3687 S
PO= Control, B= Application of 50 kg ha™' phosphorus fertilizer + bacteria, M= Application of 50 kg ha' phosphorus

fertilizer + mycorrhiza, MB= Application of 50 kg ha™' phosphorus fertilizer + bacteria + mycorrhiza, P= Application of
100 kg ha™! phosphorus fertilizer.
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Table 8. Mean comparison of the year x cropping system interaction on grain yield of ajowan and coronilla.

Seed yield of ajowan Seed yield of coronilla
Cropping Systems (kg ha™) (kg ha™)

Yeae 1 Year 2 Yeae 1 Year 2

Ao 621.2° 704.9* - -
So - - 250.4* 302.1°
AlS, 446.1° 426.6° 91.8°¢ 112.6 ¢
AlS, 2753 °¢ 322.1°¢ 151.1° 202.6°
AsSy 419.9° 426.6° 69.9 ¢ 88.8¢

)15 LSD 4y jl oslitl b (6l sime ©glds et S yidio B> G Pl glyls a5 Slo 1 Sho Jlogs jo g g jo
In each column and for each treatment, means sharing at least one common letter are not significantly different based on
LSD procedure.

55 =A0S| (Sl jose 3y 93 b5 cdy S5 =ASy (Sl juse sy G b cdy S =AIS) (alb Slal was SSo 2l L5 =Ag

ol @y S Sl juas @)
A= Pure ajowan, Sy= Pure coronilla, A;S;= One row of ajowan + one row of coronilla, A;S,= One row of ajowan + two
rows of coronilla, A,S;=Two rows of ajowan + one row of coronilla.
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