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Abstract: In order to reveal the joint toxicity of typical lawn herbicide siduron and heavy metals on terrestrial
plants, wheat and cucumber were exposed to single and combined treatment of siduron and four heavy metals. The
germination rates, biomass and the elongation of root and shoot of tested plants were detected. The predicted no

effect concentration (PNEC_ ;) for siduron in soil was calculated using assessment factors. Results showed that si-
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duron and heavy metals had significant single and joint effects on root elongation of both plants and shoot elonga-
tion of wheat (P<0.01). Apparent does-effect relationships were demonstrated. Cucumber was more sensitive to si-
duron than wheat. RI,;, of cucumber in root elongation was 0.281 mg-L"'. Wheat was more sensitive to Cu, Cd, Pb
than cucumber. When we combined siduron and those four heavy metals, cucumber root elongation was the most
sensitive parameter, which thus could be selected as biomarker. Siduron and those four heavy metals had a synergic
effects on the inhibition of wheat and cucumber root elongation. Compared to single treatment of siduron, root e-
longation of both plants were more sensitive to siduron with the addition of heavy metals. Joint toxicity of siduron
and those four heavy metals to wheat shoot depended more on individual heavy metal and exposing concentration.
PNEC of siduron in the soil (PNEC, ) derived from the acute toxicity data of cucumber root elongation inhibition
using equilibrium partitioning was about 1.90 pg-kg"', which was far below the recommended application dose of
1.5-9 mg-kg™ siduron in field. When combined with heavy metals, the PNEC_ of siduron significantly decreased,
which may lead to increased ecological risk. Results presented in this study can provide basic data for ecological
risk assessment of combined pollution of siduron and heavy metals.

Keywords: siduron; heavy metal; wheat; cucumber; root elongation; toxic effect; combined pollution
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L RELEIR TSk P AR T2, BRI, A Ik
7 b 4w IR FR 2 G Y il A7 A

T UL REER 4 38 A 8 KU PEAG 2 R 4
AR A R A S IE M EE LR, 4
AN s Y 1 E A B DA iR R 23—
15 YW BEE B , SR, B ORI 2 1B R
B G ST it B IR E A 15 Y AR AR
B PPN VRS R T e, AN, AR R, B
2373 T RS E A RGN R P 5 )X
ANFOR EREE AR R I B SR T IEH A S R G,
PRI, AR  HE PR30 T - 498 o ik A7 A 1Y) 4 Fih R 4
J& 15 4 H)(Cu/Zn/Pb/Cd) 5 It 77 BB FH BR B 57 FR
R NS 15 YL WSS P 2 A g T X e SR A 1)
AEASTRERN , B R SR A bR e Y, I A
ST AR WIARICA) 5 15 Y vk 1 22 [R]85 -0 G
2 EFE TN JCRLN e BE (PNEC), 3k 7 8 42 & 15 e
39 R 4 A S KU P SR LA B

1 ## 57 % (Materials and methods)
L1 AR

/N i Fl oA 1k 987, BN AL Rl R Ak 8
R S R E R R B, PRELRE N 48.5%
AL ), AR R A A At
1.2 RISk
1.2.1  FisLs

B )Z0BACT AR 9 om BEbRrh K IH BEJE A0



546 s #F

PLINN O B 125

JNFIINZZ T -3 514 T e rh U8 4R L, B4~ Be R
20 KL, ArAIEBEAR A S mL AS R LA S50k
FIAFRE Cu®  Zn*" Pb™ Cd™ (TG Y WIia i, £ 00
5 AR5 1) CHYREFRAA T, B TR, 4Xf
MR ZE KR T 20 mm W), 53545 08, 40 3B &4
SEFREY K 2 K RS 4 e N T R AR
FRUENZFR K TZET 3 mm, M0 3 MEE
1.2.2 FAZLN S5

MRG0 45 L 76D 2 FRR A4 0 il vie
FE R EHH R 20% ~ 80% v il P, 15 B AN [] Ak 2 e
JELEE 1), E 5 TR A R 200 T, AT T Kk 2
S KA, SCIR S A I A5 Ak B
AR S 2R ARG ZF K 4l e % T
1.2.3 HEARI5YEL
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X b7 T B G S e AR R T 7 R 1Y 0% . 25% ,30%
40% .50% ,60% , T 4= Ja 114 S 56 v B X By T B AY
SEIG MK AM BRI 0% 20% .60% , %F /NAZE F #5 IKAY

BTG YA Ab P L2 2,
1.3 Gt

A 56 K00 % Fi SPSS13.0 1 Excel 2534740
B W0 B A T R BOWUA T 2890 HT , 48 R
44 Sigma plot 18.0,

i T A

P =Cuf B - B/ X R % 100% (1)

FFHVEAG P 152 X PNEC #1474 | B %
U A Wy B PR B B LATE S 1 M X7 (AF) RIS
F| PNECULAF 2), ASLEH PNEC WA I HfE S
HE R WO H RSN W AESTFERON , hT3H
B A HLTS YA £ HE 5 KR =2 [ A e A4
B FN G YW AE 3 A AR A R R 1o S
A3BE 75 5 (equilibrium partitioning method, EPM) 2|
AT LK A HE vy Yy 1 v B B Ak Sk FLBR K Hp i vk
B T5 e A AL IR 7K e B BIRT SR FH K A4 i
PNEC {H #7428 XU, 1338 v PR 3 s 119 TR AL
N & BE (PNEC ) AT AF# BRA R B) A THES:

®1 HNEESESEMHENM/NE BRI IERE

Table 1 Single treatment concentration of siduron and heavy metals to wheat and cucumber
/NAZ Wheat # J Cucumber
FRHE Siduron/(mg- L") 0 10 20 30 50 70 0 0.1 02 04 05 0.7 1
Cd* (mg-L") 0 10 20 30 40 50 0 10 20 30 40 50
Cu* /(mg-L™") 0 2.5 5 10 20 50 0 5 10 20 40 80
Zn® [(mg-L™") 0 50 100 200 300 400 0 40 80 120 200 300
Pb>* /(mg-L") 0 100 200 400 800 1000 0 100 200 300 400 500
*2 NEESESEMNIENTNEZESGTLANLERE
Table 2 Experiment design and combined treatment concentration of siduron
and heavy metals to wheat and cucumber
/A Wheat # J Cucumber
FRFE Siduron/(mg- L) 0 10 15 30 45 60 0 0.1 0.15 0.2 0.35 0.55
0 WT1  WT2 WT3  WT4  WTS 0 CTI CT2 CI3 CT4 CT5
10 WT6  WT7 WIS  WT9 WTI0 10 CT6 CT7 CT8 CT9  CTIO
Cd*" /[(mg-L")
25 WTIl  WTI2 WTI3 WTI4 WTI5 40  CTIl CTI2 CTI3 CTi4 CTI5
2 WTI6 WTI17 WTI§ WTI9 WT20 6 CTlI6 CTI7 CTI§ CTI9 CT20
Cu*"/(mg-L™")
20 WT21  WT22 WT23 WT24 WT25 20  CT2l CT22 CT23 CT24  CT25
2 N 150 WT26 WT27 WT28 WT29 WT30 40 CT26 CT27 CT28 CT29 CT30
Zn*"/(mg-L"
¢ 450 WT31  WT32 WT33 WT34 WT35 120 CT31 CT32 CT33 CT34 CT35
) ' 60 WT36 WT37 WT38 WT39 WT40 90 CT36 CT37 CT38 CT39 CT40
Pb*"/(mg-L"
(me-L7) 300  WT41 WT42 WT43 WT44 WT45 320 CT4l CT42 CT43 CT44  CT45

TE:WT /NG5 YA B, CT 8N A 15 YL gnAb 2,

Note: WT means the treatment of combined pollution of wheat, CT means the treatment of combined pollution of cucumber.
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PNEC - EC,, ) (L3 3) , EA I R Y I N (B K 0.1~1 mg-L™;
wer = 1000 @) NS 0~70 me- L), BB R R E RN B 5

U BC, ERRAR A M i e 2

soil-water

PNECsoiI = RHO
soil

KL K IR RELE - FERIK 43 e R %K
(m3 -m'3) ’ RHOsoilj‘jj:iggE:(kg -m'3);
Kpsoil
solid soil X 1000
X RHO ;14 “4)
K FC o M HTEFRR KR (%), Flpg on N T3
B AR 55 (% ), K A P B A 8 o [ 7K
IYBERE(L-kg!), RHO, N H I (kg - m™);
Kpsoil =K, X I, %)
K. K, o0 PR B R LR 38 v A ALK 3 Bid &R
B, £ AR S (%)
R SCHR B | P05 R A 4 1 v (%) A HL A o
Bt 280K, )— &l 330 ~420%7%  HOE-#44 375, 6
AT S RS A E LN 1.39 g-em”, H[E]
FEKEL R 35% , A Wbk & -3 20 0 1.4% 270,
TG — R 2.65 g-om”

X PNEC

x 1000 (3)

water

Ksoil-water =FC + FC

water

2 ZR 54 (Results and analysis)
2.1 HEESHESEP— AT ENHNE
Fh—F 8] A& R4l i A= K SE i 9 7 22 53 4

WM E S JE B — A T5 P 8NN
Fh—F 2 2F S i A A A I R8N ) 25 4 i A B

K &Iy HE i JC I Bk 2 e (P>0.05)  (E& S 3 ] T
YR M 2 K (P<0.01), E4JE Cu Hil Pb X} 2K
(1) % 253 AR ZEAR K (R 20007 348 3 (P<0.01), Tfij
HEEJE Zn 1 Cd X 8N B & 28 R ML i AR %
A8 ZE RN X R RN ZE R ATt 2 R (P<0.01),
XN B e 45 R R W], HA Pb Xf/NAZ Kk ZF AN
2y T A W R RUNL(P<0.01) ; oAy 3 Fofr i <53 s o)
REEFR A A ROV AN B 3 5 R 3
IRIG AL, 4 Pl TR 4 Jm X /N 22 A AR I 2E K AT SR R
R 2 RN (P<0.01)

WHES 4 i 4 )8 & A5 Y A 80% 1 4y
Mras i, bk T RS Cu & A5 Y xd 8N
R ZFFAT WFERULLUINP<0.01), FRF R 5 HA 5 4
JB A E YT BN G /N RN R 2R i T E
BB RN BN 3B (P>0.05) , T R A R 4K I I B
N 3 (P<0.01) (3 3).

DIESSRRY AEESES B —-REH
1Y X 2 Fp Az R AR KRR AT B
SER I HOGE 3 TCRT /N 22 41 1 AR A I 2000 3+
R X B BT R ZF R T A2 AR
15 Y i KR AR B RS A S BLIA A7 R N SR
GR35 i B2
2.2 FRRIREALIRUR B 5 /NAZ K w4 A A 1 )
RN C R

w1 FR  NEARK TR R 5 R

=3 NEESESEEESE— E4FEMNERFNEMFHEERYEERKBEANATEST
Table 3  Variance analysis of single and joint effect of siduron and heavy metals to cucumber

and wheat seed germination and seedling growth

# JI\ Cucumber /A Wheat
R IR i8N RN — R IR isSN PN i
Germination Root Shoot . Germination Root Shoot .
. . Dry weight . . Dry weight
rate elongation elongation rate elongation elongation
:I;if(zid;) 0.771 0.000" " 0.000" * 0.604 0.206 0.000" * 0.000" * 0.694
Cu** 0.004™ " 0.000" " 0.000" " 0.007" " 0.088 0.000" * 0.000" " 0.158
Zn* 0.558 0.000" " 0.000" 0325 0.964 0.000" * 0.000" " 0.687
Pb>* 0.005" " 0.000" ~ 0.004" " 0.269 0.000" * 0.000" ~ 0.000" ~ 0.014"
Ccd* 0.993 0.000" ~ 0.005" " 0.048" 0.668 0.000" ~ 0.000" " 0.547
SidxCd 0.852 0.000" " 0.000" * 0.344 0272 0.000" 0.007" " 0.872
SidxCu 0.024% 0.000" 0.000" * 0.137 0.394 0.000" 0.000" 0272
SidxZn 0.450 0.000" " 0.000" " 0.080 0.831 0.000" " 0.000" " 0.043
SidxPb 0.071 0.000" * 0.000" 0.100 0.356 0.000" " 0.000" " 0.384

" P<0.01,* P<0.05 F/m A A Ab PR B (B4 35 22 5%

Note: * ", * stand for significant differences in different concertration treatments at P=0.01 and 0.05 level respectively.
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VR B 3 R M DE A G, Il E O AR 4 B R RI, =
0.671X+19.8(P<0.01), SI,, =0.793 X-4.71(P<0.01) ,
P AT BT B AR X N AR 2R
TN B 43 5K 45.0 F169.0 mg-L /NERR K A
X A 3 B R AR

BT EF M 3 5 PR B ek B2 2 (R A & 1Y
FE 500 5 ZR (P>0.05), 111 B JTAR K 3 il 5 55 R
R vl i 2R Iy I 3 A B DG OC R (1R 2), 1T I 5 7
M RI,, =21.6InX+77.4(P<0.01), ¥R % j % 3 AR K
R By 0.281 mg-L™

A1 G5 S i TR AR A1 ) 25 %o A0 2 P e
PERGE SR/ NG AR AR 150 £5 DL b, X2
PR Ay B R A B B0 22 B4R A R e 5T A
JINKERPF I R s RUUR B3 IV T AR YY)
T ELAD 40/, PRI B8 TR X R e e R

80
& 604
S E
M 40
EiZ
=2
<= 20 .
= NP
01 Wheat root elongation
A NP
Wheat shoot elongation

0 10 20 30 40 50 60 70 80

FRE R /(mg - L)

Siduron concentration/(mg * L)

B 1 REEMNNENEEREZIG

Fig. 1  Effect of siduron on the root and shoot

clongation of wheat

100 1
80 1
I
s £
= 3
*£ 2
5 40 4
—a ..
= EVIGEI RIS
20 A Cucumber root elongation
A HURZEARK
0 Cucumber shoot elongation

0.0 0.2 0.4 0.6 0.8 1.0 1.2
PR R Y /(g + L)
Siduron concentration/(mg - 1.7")
2 IREENENYEERKNINE
Fig. 2 Effect of siduron on the root and shoot

clongation of cucumber

HRAE 22 [ EPA G P B[ 1) 552 W ) rh i 4
Pt , PR R R I ) R A B A A A
TCH] WA FAVEHIKF-(NOAEL) 43 41| 4 0.143 mg kg™
1113 mg-kg' ™ SABEIELE R AMLL, HEER
FARMREFRE ], Song S5 Y o R, LRA7 BEXT/IN
R AR B B AN HI/E R, 7€ 5~25 mg- LWk
Y BN, ARG | 2 S i i 7 I B S B ] i AR
T2 BRI B B 5 Yin ZEBVBFSY T SRS /N
F BN, S5 R AL 3.5~20 mg kg WE R,
SN /INAZ BAR A= A B S I RIVE A
2.3 E4ARAHRE S R KN WA KR
L T

M4 22 Hr s (3% 3), X B 42 J@ Cu 1 Pb 4k
PR 5 HNA & 208 RK R KA T
JFitt, A K Zn I Cd Ab BRI 58 TR K 25 K b A7
TN AT s RIS XS B 42 J® Cu Zn .Cd 5/h#E
A ZER DL K Po 5/ R ZER K FRE KL
I T BT TR RN E R AT, SRR,
AR K R/NE R MZEK S B4R W E 2 0]
ABENRRENER, ELE Zn SR E 5/
A2 FRAR B B I ) 6 2 38 2 B 4R TE A DG 56 R ((P<
0.01), HA 4 Ja AL FMk B2 5 2 B 47 A A < 40 i
RN /INZ ZEAPA A ] 3 2 B 35 A X BOE A G (P <
0.01), FIH K FEILFE 4,

Wk 4 Firos, DRI R 200 e B BC, T LUE
L BR Zn AM,Cu Pb Cd 3 FhE 4 J&@ W /N AR 1)
A B (R VAR /N T 2 R 2 3k B2 (S L, ),
PRI /N AR G 2F R o o 4 i s o R Bk, 5/
AR, Zn X BT 9 2F 40 1] v B2 (89.0 mg-L™)
B B AR T /N AR IR B (382 mg- L), i B %
JIARK X Zn A RBUREME Fo /N2 #5517 Cu \Pb . Cd 3 F
T4 X /INAZ AR A 2 P e BT /N T IO AR
R R, Ul B /N 22 A6 Cu  Pb, Cd A fJER
PR R 5

P, Zn 1 B0 A P b e ) 02 AR 1 T
Cu,Pb Cd WA WhRIC Y 2 /NE R K, KB
5 45 5 2% B 5 4 @ V5 G Jolh 300 X o = W % 56 T 4
N AFS HE AR AR P RO, (85, S AR S IR TR 4G
%_‘ﬁ[%—%]o
2.4 FREPE-E AR A A IS N 4 AR R

TEFRBERE S Cu Zn Pb Cd X 4 P[]k E &4
JRE AT YEM N AR T 220 W 45 5 (3 3), XM BRHE
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PEARHIH L 5 /N ORISR AT T80 4 (P<0.01), AN 2 B B G Rk — e i, B 6
Pro ZERERIIYESRUE —ER, DERK 2R FREEREETH S, /DRI SR, 2 B Ltk
AR PR R R 2 AR R AR 0N SE R IEAHSRSRER, I D7 R B F AR 8w e BE L3 5

100
100 A
A B
7 801 20 |
\Q{;
z
L o 60 1
E 401 ®Cd Omg 401 o Cu Omg*
¢Cd10mg « L' ¢Cu 2mg- L
207 ACd25mg - L 201 ACu20mg - L'
10 20 30 40 50 60 70 10 20 30 40 50 60 70
100{ 100
C D
80 1 80+ /
60 1 60
40 1 ®/n Omg-L 401 oPh Omg- L'
¢ 7/n 150 mg * L' ®Ph 60mg - L'
20 1 AZn450 mg - L7 201 A Ph300 mg - L
0 T T T T T T v} T T T T T T
0 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70
RS (mg - 1) RS (g - 1)
Siduron concentration/(mg * L") Siduron pnnpemmtinh/(mg )

3 REE-ESRESLENNERKHEKSSH!

Fig. 3 Joint toxicity effect of siduron and heavy metals on the root elongation of wheat

4 ENSNERKEFKNHAXREEEEBFIRE (OBHEXE
Table 4 Relationships between inhibition rate of root elongation (RI) and shoot elongation (SI)

and concentration of added heavy metals (X)

U575 2 Regression equation R? P Rl /(mg-L") Sl /(mg-L")
#JI\ Cucumber Rl,%" =38.6InX-74.8 0.984 <0.01 254
cd? Rl,?" =31.7InX-38.1 0.888 <0.01
/NF Wheat 16.1 242
SIcy?" =26.9InX-35.8 0.951 <0.01
# JI\ Cucumber Rl > =31.6InX-37.3 0.939 <0.01 15.8
Ccu?t Rl > =17.8InX+4.87 0.943 <0.01
/INAZ Wheat 12.6 25.6
Sl 2" =12.6InX+9.26 0916 <0.01
# I\ Cucumber RI, > =35.7InX-110 0.999 <0.01 89.0
Zn%* RI,, 2" =0.141X-3.88 0.986 <0.01
/NFZ Wheat 382 362
SI,,%" =0.123 X+5.48 0.906 <0.01
#JI\ Cucumber RI,, 2" =37.5InX-155 0910 <0.01 238
Pb2* Rlp, 2" =23.7InX-78.0 0.988 <0.01
/N Wheat 220 546
SIp, 2" =18.1InX-63.9 0.961 <0.01

1. P<0.01 /R Al P REE E KSR 0.01, T IF,

Note: P<0.01 stands for markedly positive relationships at P= 0.01 level, the same below.
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&R B S5 Rl e s e 5 o 4 JE i 2 AT
X 7N SRR 2T AR 2R AR S 5 R i Tk
A HERR,

FRIESBAE T/NELHE R R (RI) SIREERE ( OREXE

Table 5 Relationships between inhibition rate of wheat root elongation (RI)

and concentration of added siduron (X)

575 #2 Regression quation R P Rl /(mg-L™)
0 Rl;;4=0.793X+26.5 0.964 <0.01 29.6
10 Rlig.caro =0.760X+33.1 0.900 <0.01 22.8
Cd* /(mg-L™")
25 RIsid-CdZS =0.567.X+46.6 0.964 <0.01 6.01
2 Rlgaicnp =0.645X+40.7 0.979 <0.01 14.5
Cu*"/(mg-L™")
20 R4+ cu20 =0.231.X+69.0 0917 <0.01 _
150 Rlgg:zms0 =0.776X+36.7 0.944 <0.01 17.1
Zn* [(mg-L")
450 Rl zns0 =0.428 X+57.3 0913 <0.01 B
60 Rligpuso =0.629X+36.3 0.870 <0.01 218
Pb?"/(mg-L™")
300 Rl g pp300 =0.308 X+65.3 0.945 <0.01

T — R YATE SRR EE T AT AT R N R R R T 50%.,

Note: - denotes that when the added concentration of copper, zinc, lead were 20, 450, 300 mg-L"! respectively, the inhibition rate of root elongation was

always higher than 50% at any concentration of siduron.
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Fig. 4 Joint toxicity effect of siduron and heavy metals on the shoot elongation of wheat

F6 AEEEBRALET/NEZHEIFKIMGIE(SI) SIRERERE (OMEXE
Table 6 Relationships between inhibition rate of wheat shoot elongation (SI) and concentration of added siduron (X)

[5]J5 75 72 Regression equation R? P Sly/(mg-L™)
0 S, =0.929X+734 0922 <001 459
10 STgscqio =1.025X+1.67 0924 <001 472
Cd* /[(mg-L™")
25 Sy cqps =0.724X+252 0972 <0.01 343
2 SLyscun =0.945 X+4.69 0992 <001 48.0
Cu® /(mg-L™")
20 SLgs o =0.357X+24.9 0.707 <0.01 70.3
150 SLysgn1so = 1.083 X+6.81 0922 <001 39.9
Zn* [(mg-L)
450 Sl gunso =0.584.X+40.6 0.736 <0.01 16.0
60 Sl pheo =0.667X+15.6 0931 <0.01 515

Pb*"/(mg-L")
300 STigspbaoo =0-555 X+25.0 0.932 <0.01 45.1
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Fig. 5 Joint toxicity effect of siduron and heavy metals on the root elongation of cucumber

x7 ARESBRETHENLGERKIMEZE (RI) SIRERERE ( NMEXME
Table 7 Relationships between inhibition rate of cucumber root elongation (RI)

and concentration of added siduron (X)

[f1J5 )7 F2 Regression equation R? P Rlsy/(mg-L™")

0 R, =21.6In.X+77 4 0.987 <0.01 0.281

Cd* f(mg-L) 10 Rl gicq10 =16.5InX+78.7 0.948 <0.01 0.175
40 Ry cqm =2.73In X+84.7 0.703 0.01 _

o g L") 6 Rlgicus =24.9InX+88.9 0.973 <0.01 0210
20 Rlggicuno =4.63InX+86.8 0.979 <0.01 B

20 g L) 40 Rlig: 7040 =24 .0In X+85.2 0.984 <0.01 0.231

120 Rl 70120 =6.84In.X+84.9 0.939 <0.01 0.006

P (mg-L") 90 Rlg4:pn90 =19.6InX+82.0 0.976 <0.01 0.195

320 RlGgpp320=11.6InX+81.7 0.999 <0.01 0.065

TE R YT SR BT EAL T PR R Rk B T AR IR 2T 50 %,
Note: - denotes that when the added concentration of cadmium, copper were 40, 20 mg- L' respectively, the inhibition rate of root elongation was always

higher than 50% at any concentration of siduron.

xS ESUEMERN LN KENESELHE
Table 8 Acute toxicity date used to estimate PNEC of siduron

% JI\ Cucumber
PNECW’«]‘er/(Mg * L>l )

ECy/(mg-L™) PNEC,; /(g kg™)

FRHERE (sid) 0.281 0.281 1.90
SidxCu 0.210 0.210 142
SidxZn 0.231 0.231 1.56
SidxPb 0.195 0.195 132
SidxCd 0.175 0.175 118
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