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Abstract

This study evaluated the effects of soil strontium (Sr) concentration and organic matter content on the growth and
physiological responses of radish (Raphanus sativus L.) using strontium chloride hexahydrate (SrCL,.6H;0) as a
non-radioactive surrogate for radioactive ®Sr. Sr, has chemical properties similar to those of calcium (Ca), and can
competitively interfere with Ca?" uptake and function in plants, which is relevant for assessing *Sr transfer in crops. Radish
was cultivated under controlled greenhouse conditions (20°C), and growth was recorded after 50 and 80 days with varying Sr
concentrations (50, 100, and 200 mg-kg™) and soil organic matter levels (5, 10, and 15%). After 50 days, a trend of reduced
biomass was observed with increasing Sr concentration, however, the differences were not statistically significant. After 80
days, Sr-induced growth inhibition became evident in a concentration-dependent manner. High Sr treatment (200 mg-kg™)
significantly reduced the number of leaves, leaf area, root length, fresh weight, and dry weight. Soil organic matter addition
partially increased dry matter accumulation, however its mitigating effect was limited under prolonged Sr exposure owing to
continued Sr accumulation in plant tissues. These results indicate that Sr negatively affects radish growth and biomass in a
dose and duration dependent manner, and that organic matter amendment alone is insufficient to alleviate Sr toxicity. This
study provides fundamental insights into the physiological mechanisms underlying Sr induced growth inhibition and offers
useful data for managing *°Sr transfer and mitigating soil contamination in affected agricultural systems.
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ot wEhA] EQdollA] Sl srite 4B Ca 5
A2E Foll 94 FY99tHWhite and Broadley,
2003). ol= &= YA 75 2 e dH AEA A
HAE 5ol Az A HF mZ oz ojojd 4= Qlo] &
7, 848 $siidol AtH(Sysoeva et al., 2005:
Burger and Lichtscheid, 2019; Ujwal et al., 2022).

AEA Holl A Sr T4 Ca’'et AAZ o2 o]Fo]
A, Sr A Al A= ok fa, A Aof|, g5
oF A, Atet AEH A F71 5 oheFet AR oAt
A ZFofi7F H1E ¢ 0™ (Panda et al., 2016; Yan, et
al., 2022; Kim et al., 2025), o8¢t JF2 EF &
4, AE F, STl ot o5t getal= A
2 geHH(Ujwal et al., 2022).

HAS Sr-909] AA AE A ARG AR HA
2, A A, #H71E A2 Z2AE Q&) At o)y
2ol IHE FHEA AEEE SES o] &3t
A A47F dRt&oelty, £9] Strontium chloride
hexahydrate (SrCl) = EF-A=ANA Sre] As=
Aot At v diAdlER de] &85
2 H(Srikhumsuk et al., 2023; Fu et al., 2024),
Sr-909] 2+ F olF M FEREE BIHE e A
A Bdg =2 28 JHAE 7 e AN AE
9] g T A7 R EG B Ve F &
718 Y2 thEAQ &5t degko g AAFEIL ot
(Zhu and Smolders, 2000). f71E2 E%FQ] ¢Fol
WE(CEC)S T7H711L, 57182] 2457} st

ro ofol2g FESHAY B8 X2 1 3loo
AE ol8E IF= A= A UtHRusli et al.,
2022).
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e Ao R Pt AL HE FuE Pt

2.1. EQRM U AERE(S) 22|

2 Ade gty | fe>A4REY, 86.4
m? 28.8 m x 3 m)olA FHE o, A= 2
0CE AU Aol ARH 7 E52 HAF
(Jinheung, Gyeonggi-do, Korea)#th. ZE A&
el AWMAE AR5k, 1/5,000 Wagner ZEO]
SHEFE 80% A T 2577t et s} #HF-2 AFT.

EoF2 D ERA(PRO-MOSS TBK), X4 A4 E
714 H=E
(Hyeondaeteugsan, Gimhae, Korea)E &¢so] =
A5ttt #4718 &2 =3H|(volume ratio) 715
OS2 5% (peat moss 20 : organic matter 22 : bed
soil 400, v/v), 10% (peat moss 20 : organic matter
47 : bed soil 400, v/v), 15% (peat moss 20 :
organic matter 74 : bed soil 400, v/v)Z 245t
th. HE pH = EF 7718 &% 5%, 10%, 15% <&
Eofol Z¥ZF 5.5, 5.65, 5.75%2™, EC= 0.1,
0.15,0.20 dS'm™ & S =|3ict

Aol AFEH 50200 mg'kg ! B Be] ZHEo
AAE A AE 54 TAE ZIokA] FoHA, /7]
= 2Igt Sr XA (immobilization) ¥ F(Raphanus
sativus) 29| EQF-AE B71E §ol5tA EY o &
T2 BEAE] s AR = rKKabata-Pendias,
2011; TAEA, 2014).

SEFI = strontium chloride hexahydrate
(SrCl-6H,0O, CAS No. 10025-70-4; Daejung
Chemicals, Korea)E 0, 50, 100, 200 mg-kg ! &5
o] L& Astqitt. H|Q Y dx1= 59T f7lE
g EFoll Sr= A 25kA] gt Z2F A2 s v
H(RCBD).2. 2 35HE vij2]skg o, Zo] 2m A7
B FE AEH & 3574 ZEo| AAstrt. AdolA
= PAMS M Sr-90 W4l SrCLE AHS-SHATE Sr-90
S A T 24 He AT A8 AR
dastoz 2 Aol BAHY Sr-90 thAl Hw
A=A Q! SrClLE AHESHTE

(Seonghwa, Boseong, Korea),
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Table 1. Effects of Sr treatment with varying organic matter content on number of leaves, leaf area, leaf length, leaf width,
plant height, root length for various growth state of radish at 20T in greenhouse

Radio- Organic ~ Radio-nuclide No. of Leaf area Leaf Plant height Root length
nuclide  matter (%) conc.(mgkg?)  leaves (cm?) Length (cm)  Width (cm) (cm) (cm)

Growth stage: 50 days

50 7.5 599.3 22.1 9.0 33.5 274
100 9.0 831.8 22.4 8.5 32.5 25.7
5 200 6.5 507.0 214 8.1 29.5 15.6
Untreated 8.0 573.0 24.0 8.0 28.3 221
Means 7.8 627.8 225 8.4 31.0 22.7
50 6.5 518.2 16.4 6.5 23.4 19.8
100 7.5 590.3 17.8 6.8 253 16.9
Sr 10 200 7.5 545.1 22.0 8.6 29.0 20.8
Untreated 9.0 613.7 22.1 9.5 28.2 22.7
Means 7.6 566.8 19.6 7.9 26.5 20.1
50 7.5 541.2 21.7 8.7 25.7 21.4
100 8.5 598.2 21.4 7.8 28.2 22.4
15 200 7.0 5606.1 21.5 8.9 28.9 21.3
Untreated 8.5 598.2 22.8 10.2 25.6 23.9
Means 7.9 575.9 21.9 8.9 27.1 22.3
Significances
Organic matter(A) NS* * NS NS * NS
Radionuclide conc.(B) * NS NS NS NS NS
AXB NS NS NS NS NS NS
Growth stage: 80 days
50 12.0 1446.4 19.1 6.0 36.8 15.5 25
100 13.5 1425.1 20.4 5.9 41.7 14.6 1.6
5 200 17.0 1219.3 9.1 2.1 40.9 17.2 23
Untreated 7.0 961.9 34.5 10.6 40.4 15.3 1.2
Means 7.8 634.9 20.78 6.2 40.0 15.7 1.9
50 11.0 1008.6 13.8 4.9 33.4 15.4 13
100 12.0 1264.9 18.2 5.4 35.5 23.3 2.1
Sr 10 200 8.5 1003.7 18.2 8.2 38.3 12.8 1.4
Untreated 7.0 551.2 36.8 9.7 37.2 15.5 1.5
Means 7.9 579.0 21.8 7.1 36.1 16.8 1.6
50 9.5 805.9 17.1 2.6 34.5 14.4 1.5
100 10.5 988.2 14.2 3.0 37.5 15.9 1.7
15 200 17.5 655.6 11.8 2.8 37.0 18.3 2.2
Untreated 11.0 1215.2 34.3 8.4 35.7 14.1 1.5
Means 7.9 916.23 194 4.2 36.2 15.7 1.7
Significances
Organic matter(A) NS NS NS NS NS NS NS
Radionuclide conc.(B) * * ok ok NS NS NS
AXB NS NS NS * NS NS NS

NS, ", ™ or " Nonsignificant or significant at 2{0.05, 0.01 or 0.001, respectively
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2.3. Glojg| 24

HE A3Y Holel: SAS A Z=2I5H(SAS 9.4,
SAS Institute Inc., Cary, NC, USA)S o]&5}o] £4
sttt A AAl= ES 715 2@ A Sr A
g FE(82 B)E 1 aglo= oF gAY
2) A x B o] #AHEA(two-way ANOVA)O.=2 4=
gstgom, 504 2 80 S A G s 4 =
HH oz EAsHt 7+ A2 to] v 3704 Btk
= A 24l AFgsteleH, ZE 170 A 174E
A5t
AR R B waA-go] F-o7t ¢
(P € 0.05), & Hat 7t HwE 9fsfl LSD (Least
Significant Difference) 82 95% Al=|4olA
AANSHAT. B9 {4 B7]= NSHIRL]), *, **,
= 22 P < 0.05, P €0.01, P € 0.001 =<4 5]
& oJugitt.

o 1l
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3.1. Sr 32| 4 EYR7IS0| Fo| MK 0jz2|= F
24(20C) £3olA EF W Sr5%=(50, 100, 200

mg kg )9t 718 £, 10, 15%)°] 5] %] 7]
Ak G 5097 809 F AKTANA Brhskeict

(Table 1). #8 ASARE= g5, 9¥4, 9%, 45,
2%, & sk

502 ASDANS f7le +E2 GUAT 24l
A frolt 9= IR e(Fig. 1), B4 A=
Tl E FAAR Aol7h vrEhAA] ekttt T #
7lE e 5%elA 10-152% S7HIAE A2
z7o] F7HH o FUIeHA] eIokal, A A=A =
L35]9 5% A2 He U2 ghe Hof, f7]& 5] &
g rEe 2o S 53 a3t H o) 35
UEhHA] b= Ao & wddr) o= f7lEe] 4uty
oz R BEFY A, BEY 72 e e 24
37t 5ol 715t B A9 28004 71=

= &0l Aol FTEA s oz A=A = &

O

g ok

¥ =
<& AAFRIHSchaetzl and Thompson, 2015).

Sr5E+= 50 AASTA A Faellnt FoJet J7F
SuFon, AU, 44, T 5 718 AR Holl=
BAA A7t vrehA] gt 218y As kel Sr
50-100 mg-kg ™! A ollA= A5 2 o] A
o7 Fo5FE oL 200 mgkg! AEE A=
A4 A vEo] GHAT 27 Fol AAskh

ol AEE 2] Sr Aol A= Sro] Caft XA 02
FARRE o] 2 EA wiEell dAF R Ad QH3te
FAHoR 28 4 ok mEhA FEIF =orAH
Ca®oll tigt A4 S5 Fdste] Axs He 2
o, o eHA, Al 417 g o] A x| o] g0l oA
He Aez slAEtH(White and Broadley, 2003;
Krzeslowska, 2011).

80 s A A= 504 22 Sr 5 2] FEFol
oz BEAFA FT FFS "IHHTable 1,
Fig. 2). 95, GHE, 44 5ol Sr Aglsk 7t 2}o]
7H U oW, BE X Fol|A sk Sr A7
FAgFHET 22 7E Hel A2 o iy, dF %39
oA+ Sr 200 mg-kg! AEollA] 4t FHA o] £
A Bt A Yehv= 5 A4S §Hgo] A 3Hd = Ao]

i

SlolA A} A 7ra, 2lo] FelA o
FolA9] 47 At pgo] el
A Srol S5 3% A Aol B A0z 3t

= thAlste] M2 28 wtstal, E/gta
EHE oA Al S& s HEes

4= tK(Shahid et al., 2014; Qiu et al., 2021).
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Fig. 1. Effects of strontium (Sr) treatment using SrCl, on radish growth after 50 days under soil organic matter levels of

5%, 10%, and 15%

80 ASEANA 712 Sr wo] FeA82
2 frolskA] koo, AFoll ARt foJstal=H,
ol 7ol et S5t FRo|=Tt SO AR
FAste] fra=E WE 292 si4Eth(Zhang et
al., 2020). ARFA Q1 B 2 F-SlsHA| 31541714
U Sr 54S duEA eetels ol ol2A] xRt
Aoz HAlth o]t A2 f7le &5 Frite s
£ St A ol 7 Ade S0 HaAl717] ol Fet

= 7|1& Buote tfA| =2 AAgtHWang et al., 2017;
Liu et al., 2023).
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Fig. 2. Effects of strontium (Sr) treatment using SrCl, on radish growth after 80 days under soil organic matter levels of
5%, 10%, and 15%
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32. 2EEFE Aelsket EYRI|IE

A= 4o 0|1z S

20| 2e|

Sr A2 st B f7le oE0l 7o A5 9 A
Al, e Aitel A= I 20T 24 =7001A4 50
A3} 80l B7FSHHHH(Table 2). Sr A 2]l ©HE
o] Y53t vpo] QU & A4t 2| HE, A2 E = AFolst
A vert o, A5 210 AEe Sr A2 A A
<= B Hpol@ui A A o] WAE QI o=t ¥
SH= Sro] AEA WellAl Ca** o] 7158 FEHoR
A Az At =N Aol F2H

T3S wHst A2 siE 4 ki (Burger and
Lichtscheidl, 2019; Qiu et al., 2021).

50 ASA A 2GR 4 B AFS Sr F
T Y EYR7E o 0 FAH R {7t 2fo]
7} U tR] grorow, A 2o vl wgi-E uf Sr A 2]+t
ol F7 et A7 2= o Hekeh A AHgE B
o] 2] kot ot AR A2 oA 200 mg-kg ™! Sr A7
T ATl AE o= A Yehb= 5 sk Sr
of gt W7t ¥h-g 7/ o] REH o2 Q. o]
£ Sr*'7F Ca*ot fARSE o] RHHI Hoke 7HA
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Table 2. Effects of Sr treatment with varying organic matter content on fresh weight and dry weight for various growth
state of radish at 20T in greenhouse

Radio- Organic  Radio-nuclide Fresh weight (g/plant) Dry weight (g/plant) Chlorophyll
nuclide  matter %) conc.(mgkg")  Shoot Root Total Shoot Root Total (SPAD unit)
Growth stage: 50 days
50 51.1 4.2 55.3 2.9 0.3 3.2 39.2
100 55.6 4.2 59.8 3.2 0.3 3.6 37.9
5 200 29.7 1.8 314 1.8 0.2 2.0 40.1
Untreated 28.6 2.1 30.6 1.9 0.2 2.1 45.9
Means 41.3 3.1 443 2.5 0.3 2.7 39.1
50 21.9 0.8 22.7 1.1 0.1 1.2 36.9
100 25.6 13 26.8 1.1 0.1 1.2 38.4
Sr 10 200 35.5 2.7 38.2 2.0 0.2 2.2 40.0
Untreated 34.9 2.2 37.1 2.3 0.2 2.4 44.8
Means 29.5 1.8 31.2 1.6 0.2 1.8 38.6
50 34.8 1.7 36.5 1.0 0.2 1.2 39.2
100 46.2 2.5 48.7 2.1 0.2 23 43.5
15 200 35.6 2.8 38.3 2.3 0.2 2.5 38.2
Untreated 33.1 2.3 35.5 2.1 0.2 2.3 42.5
Means 37.4 2.3 39.8 1.9 0.2 2.1 39.9
Significances
Organic matter(A) NS NS NS * NS * NS
Radionuclide conc.(B) NS NS NS NS NS NS NS
AXB NS NS NS * NS * NS
Growth stage: 80 days
50 127.1 35.7 162.8 10.9 3.3 14.2 40.2
100 126.6 12.3 139.0 9.6 1.1 10.7 41.8
5 200 112.4 26.7 142.1 10.0 2.8 12.8 41.8
Untreated 48.0 8.8 56.8 4.8 1.2 6.0 43.4
Means 103.53 20.88 125.18 8.82 2.10 10.93 39.1
50 82.1 10.4 92.5 7.0 1.0 8.0 36.3
100 108.4 22.7 131.0 8.7 2.0 10.8 36.7
Sr 10 200 88.2 6.4 94.6 7.1 3.6 10.8 32.6
Untreated 73.3 14.1 87.4 7.1 1.6 8.7 36.8
Means 88.00 13.40 101.38 7.48 2.05 9.57 38.6
50 87.8 16.1 103.8 7.8 1.7 9.5 42.3
100 93.4 8.8 102.1 7.0 0.6 7.6 32.7
15 200 139.3 35.8 175.0 12.5 3.6 16.0 41.6
Untreated 89.6 11.9 101.5 6.7 1.1 7.9 37.7
Means 102.53 18.15 120.60 8.50 1.75 10.25 39.9
Significances
Organic matter(A) NS NS NS NS NS NS NS
Radionuclide conc.(B) * NS NS NS NS NS *
AXB NS NS NS NS NS NS NS

“NSor’ Nonsignificant or significant at & 0.05, respectively
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Broadley, 2003). T8t Srofl I3t Ca 9|24 A5
T2 ZREA(CaM) 4 WIS kst 27
AL AL HHE JFE E S U= A
2 B 1% v QIok(Kim et al., 2009).

e AAS A7 QR o WiehA vehd A2
Sr&Ao] T B 24-& A gH o2 JAstaL, o]
BP0 W2 AT 2 ol S fRoRE S
A= tHShahid et al., 2014). #&l= Ca 8+&=71 =
2 7|#o|B 2 Sr-Ca 2@2-go] Bt F35HA Hd

g 5 e,

A=FL F71= ol w2t nARt 2ol 7t 71+
Fou, f71E STt WE dEARI S B A
-2 YRR STt ol o1& Sl e ol
2WFH-EH(CEC) P2 EFA] SrPte] F2to] 35
7tete] AlBA R SaErt HEHo g Yol | o
o2 wAHEtH(Zhu and Smolders, 2000). 2184+
ol|et &F Bit= AT S7IE o]0 A] ggtom,
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=24 FHSPAD) 50 DAIA Sr w5
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ATt dF 15 A2 Fol A= SPAD Ftel mlAlst
A WolAl= Fdo] TEEGoH o= Sro] Mg A
A0 B SR 3 84 AYSES HEHeR
wEtste] GEA FHS oot A7 PR = o
A= tk(Shahid et al., 2014).

80 TANAE Sr 5= 7t I AAS, AE
T A7 AR oA Ui oW, BE /718 aF
oA dtH LT3 TAE Holx= gtk dE
S0 47 AFolA= Sr Ao A Fo] FARE
o =4 vyehte AfE 2451 ol= Sre] 23]
Ul 40| A713F S A= H e, | §Ego] f715 &
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