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BB 0 SRS R R EUE B 1 A Y P Wl
& N\ E 4B (Wagner 1993; Singh & Mec-
Laughlin 1999) - A\#G— HERAUSERVHE - &5
HiEREE AN ZE > Pl E R & E )
RETEIE TEAR (Godt et al. 2006) » [RIIE - BUIE
MR ERE AR T2 2R E - Bl
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AR 2R 0 BE T AT SR AR AT AG BAAG ShAERE K 0y 48 B AT - R UL S 4R el KA W 3 e L3R
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MRS EMESEYHEERNRE (Zhu
et al. 2016) = H{E 1970 4F HER & H K
A RCRRIR AT ER DU - I3 RAEOR R TT 4Ry
2 BIFF % BT (Kobayashi 1978) o il #f
FALARER By T RSN IE - Rk 5 24 R
)& H~N&2 (Tsukahara ef al. 2003; Kim & Wolt
2011; Chen et al. 2018) - & E1F 8 F AR 721
I [BE TR 0.5 mg kg V2
M 7 AT SRR S s FAO/WHO & fA it
FZEEIEA (Codex Alimentarius Commission,
0.4 mg kg") AYF5K (Chiao et al. 2019) < K[
{2 RS - 238 P 88 AN A R R R OR R R Y B
T RIS SR EARIRE -

B A B 36 1 SRR R R SR R 0 1395 A AR
4 (5 mg kg') B HERNEEG A
R EDE RBER 05 DE A EHEEREEE
JeE M A E A o AR 0 AT RPEE T
mEOaR > BN TR RN E R
HERE (2.5 mg k™) > EoEHY G HIATE
FERREVSRIRE - BB IR AR ET €M
FREEAE (0.4 mg kg') - FEHITHE KA
Wis o ZEMAEEHLRIE T ELE  EHE
Ry o B A B R B B B Al DA 1 L SR SR AT R
- BECHIF SRR » BREKRER IR
EBEH FAEE T IEEE L - EEEER
WesE 1 2 il K 73 B BT SE (Bolan et al.
2003; Arao et al. 2009; Hong et al. 2010; Wu
etal. 2017; Lu et al. 2019) -

R R A RN B ~ B
HA R RE TR FLE2E E RN g EiER
F+ 132 pH B P EURS R EN L&Y Kk
EEREY A R A EY 87 HY 255 (Bolan et al.
2003; Hong et al. 2010; Sun et al. 2015) - 4
LW CHEE - FERE i B R A I U RE )
R ARE on > SOFE e R 45 B DUREAS fn
1B HAARRAEEER (Arao & Ae 2003;
Bolan et al. 2013) - 2R » & AT &TE
YN OIS A MR - R A AR A i 7E el
fif 5 AL o R S S Y R U B R A RE JT (W et
al. 2017; Lu et al. 2019) -

BEAh o SHER B E T KRG A EE 885 448
b@l& - Lin et al. (2015) {1 #+ ¥4 [E g7 EY)

rere

]

68 % 41

HEITHRULRE ST HVER 2 » TR AR IR AR
VBN REE - DR R Y R R b -
EHA » Koy B R 2 80l H AR B
(2 BE B 7% (Bolan et al. 2013) » 3% 7]
REK (BRE) G > T EPARIP BOS
FEARAYBREER (CdS) UM & 3% pH @ it
FRE o PR RERAVA R o T P EK RS R
HYWR UL 5 AE Kl - F EERIE (aerobic) T @ &
BRIV USRS S VAR R 8R (CdSO,) (E&aY)
fF1E > MM A W MEE = (Arao et al. 2009; de
Livera et al. 2011) = Arao et al. (2009) HYHF5C
R - HTEERT% 3 wk B EK T H R
P ERE P EREY 2R © Hu et al. (2013) HYBFSE
HwEMiEY > BBEEKERS > HREEE
tEH TRI#EE > HEEL: FRIEUEKE
HA e R E TR 10-20% -

THhREEZEGRERBITH 2005 4
B Bl - b 22 /K R o UL @ B A% 1) 45 SR BN
TSR E - pH {H ~ [G#E XA & (cation
exchange capacity; CEC) K /KFg LT By 82 225
R EERRE R EER T HELER R EEE
IR RUIRE il HEoK 87 R B 3% pH (A -
CECHHE &R I IR fnfE - T8 8R 1
pH {H ~ CEC Z 17 #s K87 2 & FUHE = (Rom-
kens et al. 2009) < ZRI - RS HH ]t B 45 SR IR
BEoR > B 1 3R 4R & KA 0.5 mg kg v pH
ER M W BRI U i - B rEt
Bn AT AT REE R R SR 2 ROk - HINEZE
B P R A HH T s B AR 7K 93 B BB R P2
BN KT EEKTEEEKERRIZ &
2 RPHFE L IEREEL | mg kg > pH {H
&) 6.55 7 B H#ETHE - KK EHER
TEV 4 & R AE RS RV E > 1B [HEK
M mTER A5 > BARETE iR )5 4 B & T
Koy B R i iE B 2 2% o

MRS
HEAER TIEEANE
SERHIAL G o 75 B LA 9 2 KR

H - EfE40.15 ha > HIE-FHEIRRER 1.14
mg kg (£ 1) o HEAR IR ERPNRERE
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IRiEZETEN B HFEY R T HERIEE (S
mg kg')  HiE % EHARCREE SN E A
FIELET E (VPR ZAEAE (0.4 mg kg™) - FERATLL
Mg PR T NEREE R 1 (0-20 cm) > 7347
HABRRE - SRR A 10 m > HLERE
26 A - DLEEKE AL A4 (global position-
ing system; GPS) gt HIEIELE » BRESR T
A0 F & IR e 1 s e
KIS miER BB E

AWt sk RS © i A 11
%%, (‘Tainan 11’; “TN1D) ~ &3 30 5%, (‘Tai-
tung 30’ ‘TT30%) ~ Wk & 3 %%, (‘Taoyuan 3’;
TY3) K AlfE "5 5 fill 10 5%, (‘Taichung Sen
10 “TCS10°) » s\ EiFH & 2017 £ 8 H & 12
A BRI A 2 AR 93 Bl R TEFE AT 2
d Jiti FH & HE 39 55 & Ak (N-P,05-K,0 = 12-
18-12) 800 kg ha™ (J:HE) » HEH4E R &IEHA G
A 39 5518 & AL 400 kg ha! E R iEHE > $
Wi F 144 kg N ha' ~ 216 kg P,O, ha J% 144
kg K,0 ha™' -

IKDEE

B & 2 KA g ERE R 5.5 d BX
/K Ry 18 h > Ry RELE 4= 10k /K B RS AT
Ko EHAIEFE - el S 425 20 EREHE A
1,000 L #yEE/KAE - HE K REEREETE
H(C) BH/KEH (W) WifdE - FipE 3 & DU
HorRE - ERE%Y0.075 ha ([ 1) o Wiz HE R
B K47 EEH] (maximum tillering stage, &Y &%
1255 S0K) HEITREH - BHATZ /Ko EHTT
SARE > EREIAE R 5.5 d BIOERK
I 5-10 em B % #E A 4TE 5T {EHA (panicle
differentiation stage) W » E{TEHIE 2 /K5
EHALLERAE  HKEREARTESS
d DUBZRZKTERE SN » (E MK Y5 2 5058
3K o BLUREKREZKJERE7E 20,000 L #Y7K

#1. s LIRS -
Table 1. The basic properties of the tested soil.

& - HIEEE G ERERGE - FEHE
BIEYL R RTEY 10 d {2 1E7EK - (& U
HES0 7 A& ERUL -
TIESLBKIRERS(LERENLAIE
KB EAKETEHEAREEANE
WE A (EERERRE  BREERE AL B 1 Fr
o A H s BB K i A 1% (9B HE 1R 65
d) ZURkET 14 d HAR » FIFHFLIRKERERSE E
(SPE20-60/5, Meter, Pullman, WA) £ 1 1%
LK - FHERE 12 R - K T EBALBRKR
BRREEHA LT REXEYRELRLT 10
cm) > $ I 500 mL 3 I AL SO 0 R B RS

Soil sampling

W treatment locations

Rice cultivars:

1. TN11 Pore water

2.TT30 RamEing

3 TCS10 locations

4.TY3

C treatment

AR-Cd (mg kg'")
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Fig. 1. The distribution of soil Cd concentrations and
the layout of water management and rice cultivars in the
experimental field.

CEC Total C 0.1 M HCI-Cd Aqua regia-Cd
Texture pH (cmol kg™ (%) (mg kg™) (mg kg")
Loam 6.55 6.74 0.88 0.88 1.14




ST

H2=EE (Vacuporter, Meter, Pullman, WA)
15 L B FLIs /K BR AR 2578 B T A 22 Rl 1% 25
RO (i R PR AR 2578 B B FLIR K AT A
iR A GEE o KoM SRR Snifi A B FLIR K AR B
= (B ELSR A0 - TE Hh HUFL B K A A e
RIS R 10% W BE o thAh o BUER I
R FLBE K EREE A B 8RN KRS fe TR AL
BIFEA - HAREGLERENE +H 2K
HZ K T LEFEEMN AL BRE
fix (S510C-ORP, Sensorex, Garden Grove, CA)
i T s e/ S L8 F B LR S 8 E
(TS-100, SUNTEX, New Taipei, Taiwan) #fT
M EHEELY BRI 10 cm » WG
{EFLBE /KB AL E 50 om HE[E PYEERY 3 R #ET
2 -
TIREMBRSER IR

KA AT TER AR - W R I % K
T ERTE Y B EREE 5 (EERE: - SR RIER 2 HAgik
RN > SR 20 BIEHESHERM -
7E B A R PR S st LB - oA R
o FUI (] B R B o 3t 30 ~ b 3 R AR B
{;;%Ei o
HmHEE

FLBRAKAE S LL 0.45 pm JEREEJE - EE 2
A KRR i E B = KRR A A 1% - B AME
FELL T0CHERZ 48 h 1 FEE i A /KSR Lot
W& 7y R RS ~ M B0 R ot - o3 il BLE ARK K
FHEF KB R  BEAMEFEDL TOCHERZ 48 h -
HERZ 1% 2 AR 0 e B B RR A DUSK ) By 1y
T B I SRR R b oK 1% 7 DUy Ay 1
THE AGZF RS o TR ALK EE
DIARSIPE + 1 1 1% » —BFr T IREEAE 0.5
mm ERAEEETER - IR R DA i LR AR
bR S ABER R 5 S5 —Eh oy AR A 2 mm
ERAGACTER FH - PLRRA I DAy Al Fofth - e AR
JE=
(= Vaxil

FLIE /K B 85 2 & DURR FE A & S A s
[inductively coupled plasma mass spectrometry
(ICP-MS), 7500C, Agilent, Santa Clara, CA]
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7 55 0 B EE AR (SO, R &k (CI)
T2 S DLEE T € M7 [ion chromatography (IC),
850 Professional IC, Metrohm, Herisau, Swit-
zerland] 7347 o ZKFEHRED ~ M E & bl oK % o
DLt B - 50K (10:1, v/v) BELTHRUROHAE > A
ICP-MS (7500C, Agilent, Santa Clara, CA) 47
ML Z SR - TIBEAR T pHAE (LK
EE 1: 1% 5 McLean 1982) - 445 #M% OrZ
SIATEENIE) ~ EHh (LLEEHE ¢ Gee & Bauder
1986) ~ [5 &t 1 8 % 2 [cation electrical con-
ductivity (CEC), 1 M [&Eg#20]7£ %  Rhoades
1982] ~ HAUMESRRE (0.1 M BIFEZEH 5 Nel-
son et al. 1959) K AaFRIE (FUR i Bh £ /K08
{b7£ 5 Lin et al. 2015) - 0.1 M E&[ig 7 Z2 H1 %
WREABEER - ELARER GBI E
[inductively coupled plasma optical emission
spectroscopy (ICP-OES), Ultima 2C, Horiba
Jobin Yvon, Irvine, CA] HIEHEFEE -

AR EIR RIE

i BB BB S at o0 A B8R IREE 14 Fisher’s
LSD #& % (Fisher’s protected least significant
difference test; LSD test) » S DL BE K158 5 4%
#T (one-way analysis of variance; ANOVA) ¥
JE PR R E B S BE KA (P <0.05) 0 #
FrEUR/NEEERLSETRESEREZ
#ZH o g 2 I 2 (H ] Microsoft Excel #X fa
HEATEE K7 HT 0 ANOVA K LSD AIIAE R %t
TS IR T T oM o AR LEERE
ZER AR El A 0 DOt E S A SRS (ArcGIS
10.6, Environmental Systems Research; ESRI)
WY —fE e Fl| 474 (ordinary kriging) 4@ %l -

RRRHH
KDEEH TRAECRRENKRSLEIK
BRECTE

st B R R [ K o3 B 8K v e
SBFEAAE(LANE 2 - ERAY BT
TTHREEH AT » BE AR 7K 538 HH o B R K AR
W hy 5.5 do HERE 2 2K EERTA
EKEEREBE (WRE) 115K LR
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Fig. 2.
during rice growing period.

SRNETEERRBE (CH&E) - TEEGHRC
AR EE A K Di e (B 1) > HENE(L
BEREMEBEENER - 2)FESEHE - &5F
W FH B R R (T /K oy R 3 - 45 R BEUR > W ik
BRI R K EELESR CRE
H - E B8 R E M EEPN CHE (577
By 114 mV 81 58 mV) » JE /K& H 0 A S %K
TN EABREM - Lo BAWREE
W HH B B da T KB B - (H KA S e 4S
B A EE T > W IR R TR K E AR LR By
SEERKIREE » FEERB/KEEREBRIEK
SYHIEE K BEEK » B PR PR R IR R A
TREIRE -

KAGH 3 R B R 2 5l S BB R
Frrizedl » 8K (BRE) RET » BIEOA R
FEARAIRALSR IR > FEARERIA %1% (Arao

KR ERIAEA FEK B 138 (A) KILsE R (B) SLEFEST -

(A) The water level and (B) redox potential of tested soil treated with different water management methods

et al. 2009) A2 FLIR K 57 L P 45 B TS
TEAKSY PR AR W sl & -3 7L K 5 e i
(P9 0.28 pg L) BHEEER C & (P45 1.13
ug L) » B W SIS B Be HR B TR s i -
3 7K T (5 L PR /K o A g AR08 B BT
169 3T BB T B R FE IR A B AL 3T (B
3A - 3B) » M EESEEE - ETEE T >
R HIEL BRSNS ABIREE > ERFLEK
AR R AR TR RS - 5 AR S
WiEg SR - M EE LR /K PR E A S - de Li-
vera et al. (2011) HIWFFEGEER - JREE S KR
- 388 s bR A R 3R TR IR R
F I T S0 B /KRS ) 43 oh B R B A L
BB G - BAKRE L K ENES AR
{b$8 4L > {5 B Wilkin (2007) 2 4§69 pH-
Eh diagram " 41 - /£ pH %5 7 0% » BiAL#RE
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R EALE R E ALY Ry -100 mV o [ A5 ER
TR/KEH AN S LB R B8 5 -114
mV - SR SR B A R L8R U -
HX o B EFE GG L8 pH E# = i
brT SR IR RAI & E R o DAY
8 Y R B BE 7 > [R]HS H7 T AR i e AR A Bie
% 8% (CACO;) LR 2k PR #R Ay A 2 (Wilkin
2007; Arao et al. 2009) - [L4) » FHE 3C 455 1]
A R/KEHAR W& SRR C
A& N EEET AT ELR P R E Y S5 S
B BRI T (Smolders & McLaughlin 1996;
Lopez-Chuken et al. 2010) » $E M7 72 35 Al K
EH ALK R SRR ER . — -
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3. KL RHEAREK Y ER Z TIRFLEK (A)
% ~ (B) il K (C) FHlE TR -
Fig. 3. The concentrations of (A) Cd, (B) SO,” and

(C) CI in pore water of tested soil treated with different
water management methods during rice growing period.
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Rice cultivar

4. FEIEPAAREDKEE I 4 (EKRE R (A)
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Fig. 4. The Cd concentrations of (A) root, (B) shoot
and (C) brown rice of four rice cultivars grown in
tested soil treated with different water management
methods. Different capital and small letters above the
bars indicate significant difference in the value among
the genotypes grown in C and W water management,
respectively, based on the Fisher’s protected least sig-
nificant difference test (LSD test) (P < 0.05). The star
above the bars indicates significant difference in the
value between two water management methods. * " and
" indicate the significance levels at P < 0.05, P < 0.01
and P < 0.001, respectively.
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DAFUAE e TS oAl 10 5% TR A HoAh
mmfd o R4S B /KRG AR & BT T3 L Bs K 6
RSB (E 3A) V)& > v REKE S
Fif 7K A 8 B ST e S % E 1 B3R 8 78 B0 M e A P
# - Hu et al. (2013) By EER EIREFGH - B8
EOKEW I > R LA (0.1 M
HCI Z£HY) R - IS EUKTERE - FRE Kb
REVERFRE T E o Arao et al. (2009) HHFEAE]
KIS RPOREF RN E » SR BURHH
TR Fil 1% 1 BB /K T A R PR R AR A 88 B
[ A7 AT HE K 73 R R 3 o b o et R S 0%
FERTR > RETEHET > "B 10 58, miE
BEffRREEE SN M mE
EKEETNAE BRE 3 9% i SRR
F e H A AR A o BhAN > FHlE 4C &5 AT
0 FEETEHET » A ftelmERER R
EEEREaoRRERSE - Ko flfgmiE 5
il 10 5%, B (2 3.77 mg k') BHEE
FAEA 3 EFERE S FE (0.66-0.91 mg kg™) > [k
AU~ RS S Fe FY 105g W  14 88 B4 B i A 9 A F
(Arao & Ae 2003; Bolan et al. 2013; Chiao et
al. 2019) « ZAffi > FEAKET T - £ BhE 3 5%,
ATERE R ERRE (0.45 mg ke™) IR EE K
PREFEAE » HArmEEH TS RERE - Ko
LLTEE 30 5% s oK SRR S K (0.17 mg
kg') - HNARERAHKEH - (£ W ICER
HH/KHAR (5.5 d) Z 2215 ##H7T 20,000 LIEREK -
ERE 4R T HURME » MIRAERF 2 HEAGIRRE -
7 1 TR 7K B RE T {6 W O % % EE T e JE 7
j( o

LB A [F] i R R 8 RAR 2 &5 R 8 - i
K T RE R 8RR T [ 88 A A Ry 8 R Uit
RE B AIAE LT TR Al 10 5%, > TREIE
J& 5 2 93.9% » e S Ho At A an e (43.0-
74.2%) 5 HAERRHRAAT - & anfEfiE oK 80 R fE B
"GEE 11 5%, R TG 30 5% anfEfREE AR R -
P& REBUR » fsm S AR RS A 2T &L
7K R T 1% 7 R R AR HE oK AV SRR © Hu et
al. (2013) HysBaiEE ] 7 @ = ~ (R I AE
HY 2 FERIAS e - B EAE SR tE ) 2 (B e
FPNFEERE T - HERERE S SN 1.1 mg
kg o KRR (flooded) % - RIHT AR

HRREE 0.2 mg kg DUT » [5]HF IR B A 58
GRS o B ARBRERITEIR - BT
EHT 3 EfE 2 Rk R R R i
REFEZR > HLKERR - WE 3 5%
o R R I R = e oAt 2 (RS dn i - B
FRERAS | B SR A M FI R 25 (1] 4)
AW R 2 A s Sa 15 i - Bk
3 5%, shfEREIEESRRE SR 1.0 mg kg #9
T3 Al REE I SRR B IR B AR AT I
K (Syu et al. 2018) = HJRHTdn SRR
G ZHEE BYIRIE IR AE B R - se(bEA
F oA & E R R H R R
BIEEE M R E N e T A
L 2 E o MRS SR it 2 > IE FIRE
BN [ R i L ] S S 9 I WS R E AL B PO Y
R IAER - NIt EEEEARR G
FESE - BR T RERRREEEI (BIaK
orEH - 88 pH {E 3R BB i 2 AT LR
R - IR H 7% B {8 I W AE 7 Y 7K RS i L
HEITAE - A RESR T & 718 E [ (R oK 22 R
b o BESD - fEARTEEEE thom LB B (R RS
Ve SH 2 AR BR SRR A A L - IR E A
M R ERLE NI RZ— - AERIL > TF
A B B YT FE /LA Wu et al. (2017) {2
FI o3 T Wl Bh [0 S B il - R A B A I (88 R
HENEGHERERZEMRESE 'S0
e, o IR R TR R R E
Chiao et al. (2019) RIj#5EFHFE 9 {E /K FE S fE
I P HH e ek B e O 5 e P R /KOBF Sl B K R 2l
BRI R 3 B Y 2 BOIE LR SR L T
B > A4 AT KRS 4l i P B Bl A 38 (K
AR KR L T
KD EBEHANEKEmIEREREEDZ

S
A

At G SRR E B RAE REE E - HKE ]
R M P (AR A R R R U8R R - RBGRIL— 2
s K EEE S G EREER S F ALy
R > DU R Bh VAR (RAE K 58 R B AT -
5 BUR > AEKIE S 4 (8 {5 S i
TIMERE (TF,) ~ MREEH EED (TF,) K
LECERER (TF,) 8B HEE(L > BER
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5. MEERARVKEELIET 4 #KRELER
1 (A) TEERES ~ (B) IRES 2 L3 & (C) H# BT

EREK 2 SRR AR -

Fig. 5. The translocation factor (TF) of Cd from (A)
soil to root, (B) root to shoot and (C) shoot to grain of
four rice cultivars grown in tested soil treated with dif-
ferent water management methods. Different capital and
small letters above the bars indicate significant differ-
ence in the value among the genotypes grown in C and
W water management, respectively, based on the Fish-
er’s protected least significant difference test (LSD test)
(P < 0.05). The star above the bars indicates significant
difference in the value between two water management
methods. ", " and """ indicate the significance levels at P
<0.05, P<0.01 and P < 0.001, respectively.
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Fig. 6. Correlation between the concentration of Cd in
brown rice and the translocation factor (TF) of Cd from
(A) soil to root, (B) root to shoot and (C) shoot to grain
of four rice cultivars grown in tested soil treated with
different water management methods.
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Fig. 7. The grain yield of four rice cultivars grown
in tested soil treated with different water management
methods. Different capital and small letters above the
bars indicate significant difference in the value among
the genotypes grown in C and W water management,
respectively, based on the Fisher’s protected least sig-
nificant difference test (LSD test) (P < 0.05). The star
above the bars indicates significant difference in the
value between two water management methods. *, ~~ and
™" indicate the significance levels at P < 0.05, P < 0.01
and P < 0.001, respectively.
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Effect of Water Management on the Accumulation of
Cadmium in Rice Grain of Different Rice Cultivars

Chien-Hui Syu', Chia-Yi Cheng’, Tsang-Sen Liu’, Dong-Hong Wu*, Horng-Yuh Guo’, and Yu-Wen Lin**

Abstract

Syu, C. H., C. Y. Cheng, T. S. Liu, D. H. Wu, H. Y. Guo, and Y. W. Lin. 2019. Effect of
water management on the accumulation of cadmium in rice grain of different rice cultivars.
J. Taiwan Agric. Res. 68(4):315-326.

Rice is a major staple crop in Asia area. The studies aimed at reducing cadmium (Cd) accumu-
lation in rice grain have received much concern in recent years. Water management is a well-known
agronomic practice for reducing Cd accumulation in rice grain, which is not only environment-friend-
ly feasible but also easy to operate by farmers. However, there were few studies comparing the
differences in Cd accumulation in rice plants among various rice cultivars under different water man-
agements. Therefore, the objective of this study was to investigate the effect of water management on
the Cd availability in soils, Cd accumulation in rice plants and grain yield of different rice cultivars.
Two water management methods (conventional and flooded) and four rice cultivars (‘'TN11’, “TT30",
‘TCS10’and ‘TY3’) were used in this study, and the soil redox potential, Cd concentration in pore wa-
ter, grain yield and Cd concentration in rice plants were determined during the experimental period.
The results of this study indicating the flooded treatment can effectively reduce the Cd concentration
in pore water, and further decrease the Cd accumulation in the root (59.1-90.7%), shoot (48.9-93.9%)
and brown rice (43.0-93.9%), compared with conventional practice. Based on the results of transloca-
tion factors, it indicates that the mechanism of flooded treatment to reduce Cd accumulation in brown
rice is the decrease of Cd availability in soils, rather than reduce the translocation capability of Cd in
plants. The results of this study confirm that flooded treatment can effectively reduce Cd accumulation
in brown rice of japonica and indica cultivars. Therefore, it suggests that the Cd accumulation in rice
grain will be reduced markedly through increasing the flooded time in Cd-containing paddy field.

Key words: Cadmium, Paddy rice, Water management, Field experiment, Rice cultivar.
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