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4 (105.51%) , 50% Ml 8 (ECso) 9254035 4 166.1~6 030 mg-kg™' 4-(36.3f% ) o 7 - 960 3 15 5 1 (A ) [ 0 i, 25 R 3
] -3¢ pH & 52 0 5 Co B B {8 0 38 204 [K 7, V5 R B0 IR B8 43 ) T LA 77.6% . 72% 1 EC1o il ECso 97 5 (P<0.001) . 5 7E
Ecmi‘ﬁ%mlﬁ%ﬁ”Efﬂ%l/\i%pHiﬂii%%ﬁ*ﬁ(aay)XXﬂ?w AT LA 83.9% 1 EC.0 I8 5 (P<0.001) , ECso TN fp 5| A 43 pH
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The effect of toxicity of soil supplemented with cobalt on barley root elongation and cobalt toxicity prediction

models

LI Jin—ping', WANG Xue—dong'", MA Hong', MA Yi-bing’

(1.College of Resource Environment and Tourism, Capital Normal University, Beijing 100048, China; 2.Macau Environmental Research
Institute, Macau University of Science and Technology, Macau 999078, China)

Abstract : Barley (Hordeum vulgare L.) root elongation assays were performed in 11 Chinese agricultural soils to study the phytotoxicity of
exogenously added cobalt(Co), and the effects of soil properties on the toxicity thresholds of barley root elongation to Co were investigated.
The results showed that the Co concentrations that caused 10% inhibition(EC0) of barley root elongation ranged from 37.1 to 3 914 mg-kg™,
representing 105.5—fold variation among the 11 different soils. The concentrations for 50% inhibition(ECsy) ranged from 166.1 to 6 030 mg-
kg™, representing 36.3—fold variation among soils. Regression relationships among soil properties and toxicity thresholds were established
and revealed that soil pH was the most important factor in predicting Co toxicity thresholds, as pH was found to explain 77.6% and 72% of the
variance in EC o and ECs, respectively(P<0.001). When incorporating pH and soil clay into the EC o predictive model, 83.9% of the variance
in ECyo could be predicted. Furthermore, 86.1% of the variance in ECso could be explained by incorporating pH and total carbon(TC) into the
ECso predictive model (P<0.001). The Co toxicity threshold predictive models obtained from Chinese soils and from European and North
American soils were compared, and it was found that the predictive models based on Chinese soils could predict the Co toxicity thresholds in
European and North American soils, but not vice versa. This study demonstrates that Co toxicity thresholds are greatly affected by soil
properties and that predictive models based on soil properties can provide a basis for Co ecological risk assessments in soils.

Keywords : soil; cobalt; phytotoxicity; barley; regression models
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Bi(Co) R HARAEEEM LR, ZHETSAA L
B KRR . Co M RIET 12 5 n 42 )
SRR R R T R I A i E R,
A AR ) FEZOR A, CoRBE S 54 E R
B M5 B, X AR B A ER AT B AR ., TR
T3 S (H 4 Co 5 0.01~93.9 mg- kg™, AR
{EFLAEE S 5 12.7 mg- kg AT 11.7 mg-kg™',
2995% ) L HE4 Co VB N 4~31.2 mg-kg ', AL
+ R U R, HARARTE /N R A M Xl 12~35
mg-kg "7l FFE AR IR E Co B HTHE N, A
2004 419 8 050~9 050 t FF42016 417 46 000 t*), Co
PR R Bt o FH A PR B A ok 1 W AE XU, Co 3 33 R
IR 5 K5 TR LA BERE A AR AR E A
e e bt 5 Co BERE 283 B8 7% fb ik B F A A
PR SR P A IR 18 £l B i U K 1Y)
FE R, A E T Co XU T KA 56 At o 1)
HAFFEXT Co 5 YeBhits 2 CHE . EAM Co A A XU
WFFE LA A L 3] 40 5% ) A S - 3980 26 (Eco—SSLs )
TR 1 Co XRS5 SR AN 2L 3 By T 1A, 29l
13,120,230 mg- kg™, fif == T IEAREE i R i Co
BT W K 240 mg- ke (T RE) . HFRE %
B0 R A PR o i A FH b A R T Y KU A R
FRUEGRAT))(GB 15618—2018) i Al 35 Co L EK &

A S B 5 i) T R e KU ) E R R
AN TR S5 - 93 3 W B DT | 2 T 445 A S 2 Xt
AR WA YA R AR R, $EdiiE , Cu Ni
A FR AN (R ST A 498 b % K2z 19 8 1 B ECo 4331
2T 14.3.89.6 1% , ECso k22 16.9 .52.5 5", Mico
SNt R AL 95 -3 R Co BIBF ST R BR, 10 FlOR ]
PR A58 B (R 7 B, 638 381 Co 1R Z2 s (A
ECoM 2 T 19.62 1%, ECso M 22 T 19.17 f5 . A& IR
7 5 Co B METE Y 7 I AN T — S8/, (A Ik
{3 R A /0T AN RE T A R A B RO DAY
P [ - o A Co KURS: o Pl T M R i 22
5, B T A - RS P AR R AN TS R E
s R, TR E 2 A LSRRI R b Co
BT R RURSE P TAE L % il 3K 1) 4 rp Co (38 E%
FiE A B X

FEF UL, Ao e B 4 EVE N AT — e AR
B 11 AN )P 5 A 39l e AN IE AR TN EE 42 )& Co 1Y
BEME RIS, TR AN R 3t 3 Hp Co X R 22 1) 7 [
{8, I Ak I B Co BEPERYSZMA , LU ST AN A
PET 3 v Co B R PRAN RS, AT R 33 v Co 1)

FEZS I B e R 2
1 R 57A=%

1.1 TEFRIREMSF

SR AT [ AR 0 IR ER Y L R 11 A
XA 11 R A TS [ 4 A 398, 4 48 pH (A ]
9 4.93~8.86, 47 HLEK (OC) N 0.6%~4.28% , 1 HEFh K
(Clay) & 10%~66% , £ % FH 2 F & 4t & (eCEC)
6.36~28.7 cmol - kg™ o RAEM TIFEFE KT G4 2 mm
i 25 o

7 1E R K A, 18 2 FR G A 22 8 4 Co YR
J& , Co Vi IR & I pH AR A — 12251 24 145
pH<7 B, UM ZRJ5 Co ¥ B4 050,100,200 ,400
800.1 6003 200 mg-kg™ 4 ; pH>7 i, TN Co Mk JE
0.100,200.,400,800.,1 600.3 200.6 400 mg - kg™
+ o AN Co i 1 55 CoSO, - 7THL0 V5 K B TE R A
b 47 100% Rk R FR 2 P AT 3 2 mm
i 25 o
1.2 T RANE

FEEE ) LIV BT S T pH L R LI
St TCHURK A B SRR K LA B R AR AR
W AR B 7 A e i 55 . S IR Li Sy
P AEK R 51 B9 A0 I 4 4% pH Al
R A7 5% BH B A e fE: (eCEC) 5% FH A 22 b A B Ik
IR I s el P v TR e I |, TC AL 1
& 5 d FH Pressure—Calcimeter 35 M 522724 G MLk &
SO RS T B i 2 22, 3 el TR I e 4
HPST, A 3 AT RIS A R RV 1 T A T TR R
WIREE. 11D BRI T2 1 R
1.3 K

FE P AR 50 2 B ISO 11269-1-1993 (1)
PRUEJT % o AL R K Z2 (Hordeum vulgare L.) ,
Fl O M 8 R BE B R IEREZ 6 5 0 BULAE
120 g%t}%/\% 120 mm . B2 42 mm R TE &R 2 1% 55
FEMH . BUSESR FH MARC 1] b A KL A 454> 1 38
F) H 17K, e 2ok 7 v FHZR IR ACRE 1 380 B &2
Wit 135 60% 1) H [ R K ST 85 5% 7 d, B H B 3
TR A, BRFR ARG AR R AR R K
KEF+H H0.9H 5 , U8 T A B ARA G F= L,
FHZE PR Bk Fh 1558 36 h, A AR 2 mm K B3
P IRAR ) T RMEZERE SRR, RER 2 138 1 em
PUF o BN RESRARRIAE 6 BT, A B T4 15 5%
B3 4R 1K 12~16 h(18~22 °C) , % [A] 8~12 h
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F1 BEMK T EOBEREBELER(n=11)

Table 1 Basic physical and chemical properties of test soils in China(n=11)

LI mE SR AMMHET A

I LN 127/ I /SR 147/ IR IR )

L . VR AL A AL g Al
Soil type pH (uS+em™) eCEC/(cmol-kg")  C/% (mgekg')  (mgekg')  (mg-kg)
W RELIE 493 1108 8.75 151 151 — 0.12 66 18 16 1736 1337 200
B 23 531 741 747 0.87 0.87 — 0.09 46 35 19 1326 1146 294
R £EL 7120 710 223 099 099 — 0.09 27 25 48 603 989 283
I KREL 727 1367 8.30 1.49 147 0.02 0.13 25 13 62 532 1811 33
Rl B 748 925 226 479 428 0.51 0.37 20 21 59 1304 1697 267
AEE B 782 1469 287 220 217 0.03 0.20 45 26 29 1786 1447 387
AFKE #t 819 3020 117 1.46 1.00 0.46 0.11 21 22 57 734 826 222
W it 883 832 8.46 169 062 1.07 0.08 28 41 31 863 707 288
By Wt 884 57 6.36 089  0.60 0.29 0.06 10 4 86 291 537 74
M WL 886 1087 8.50 1.59 1.57 0.02 0.07 16 14 70 482 581 121
ki vt 8.86 1518 8.08 1.95 1.02 0.93 0.10 20 24 56 674 1980 233

(14~18 °C) , T30 I 65%~75% Wy H ] £5 K i o
N IEFEYE FREEZ IR 4 0.429 ¢ CO(NH,),+
kg 4 .0.263 g KH,PO, - kg 1 .0.420 g KCl- kg + 1Y
BRI, REAK 4 FEE B RKERRER T
Jo BT ARG RO R KER K R ' 34
iy
1.4 #IEFITAALE

AP Co X KA AR 19 B 35 2000 R FH 2 48 07 7
05 A A AR (Log—logistic distribution) $E17 4815129, F
FRAF

y= Yo

1+
T Y IR LA BEA TAMIR IR Jin A St BE 4 8 R 22 AR X
HRARH , % 5 X Fp lg (FRIETR N Co T it ) o Yo.b .M Ay
LG BHM A 1g ECio.lg ECso, ECio Kl ECso %3514
AR AR 10% . 50% I Co ROV B . 38 3 iX 4>
7 AR LASRAS EC1o ECso LA B2 95% 1 -7 X[

HH 2E 43 B 0 4347 SR SPSS 21.0 84, 25 &
K H OriginPro 8.5 4K

2 GHRESH

2.1 MR Co Xt K Z AR B FI B -2 Mz #h e Fn %
1B

TE 11 AR 38 v DR H AR AR I A I T
T Co Z I1] 1Y 5% 28 FH 39 5 — R T 26 (Log—logistic) 11
A, A B B AN TEPE B (E ECLo MTECso WL 1 #1352,
Horb W R AR B 38 v Co BEPE B {H /)N, ECio Ry 37.1
mg- kg 1, ECs 4 166.1 mg-kg™" 1, Bepitg i 3

FEPE B I K EC0h 3 914 mg- kg 1+, ECs 4 6 030
mg - kg 1o ECioFl ECso B AH 73 528 46 T 105.5 %5l
36.31% , ECso 52 L IEME T M AL ECio/N e 7 T4
HRS IR0 2 Co B, 35843 4 o 1 B — 52 10 01 9 sk
L, BTN T RS2 MR, R AR A, Hoh Rk
T R R R ZH Y 113.84% , {HSE A B 2%, IR R
A5k FARG 551 s B ) 48500 ( Hormesis ) 26T TG o
22 TEMRSEMEFEER Pearson #H XK HE T
1R

Xof A HEEE A AR S5 R A AR A i i
17 Pearson AH AT , 45 R UK 3 iR . H3EpHEY

R2 TEEIMNE Co R EMMREFHEE=11)

Table 2 Toxicity thresholds measured by barley roots elongation
for added Co(n=11)

EC.o/(mg'kg") ECsU/(mg'kgil)

BT

= 21X 2K o
Locaion B Gt B g ORI ks
Values intervals Values intervals e
W 757 55.4~103.4 260.6  229.1~296.5 0.994
APE 371 23.9~57.5 166.1  136.2~202.7 0.997
R 3906  295.1~517.2  869.0  775.7~973.6 0.988
JoM 1266 97.8~163.9 334.1  299.6~372.7 0.992
Rili 1239 988~1 553 3169  2874~3495 0.986
NFE 1033 729~1 463 2587  2256~2967 0.966
HFEIE 1201 838~1721 2600  2228~3034 0.927
Wk 3914  2107~7272 6030 52916872 0.689
gL 635.3  523.6~7709 1229  1129~1338 0.989
M 1463 1096~1953 3128  2738~3573 0.937
gkl 1657  1224~2243 3825  3313~4415 0.908
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Figure 1 Dose-response curves of added Co concentrations for barley root elongation

F3 LHEMEREFEBEZ B Pearson X RE

Table 3 Pearson correlation coefficient between soil properties and toxicity thresholds

pH lgECy lgECs lgTC lg OC lgEC 1gCEC lgClay lgSilt  lgSand  lgAl, lgFe, lgMn, lg TN
pH 1.000 0.881##* (.848*** 0.185 -0.203 -0.140 -0.041 -0.791*** -0.257 0.756*** -0.613** -0.374 -0.149  -0.221

Ig ECpo 1000 0.993*+% 0465 -0.004 0073 0225 -0.543* 0066 0505 -0245 -0276 0231  0.040
Ig ECso 1000 0526% 0065 0129 0261 -0499 0121 0464 -0.164 -0217 0299  0.106
Ig TC 1000 0.795%% 0416 0510 0001 0246  0.111 0433 0483 0248 0.839%*
Ig OC 1000 0398 0.628% 0200 0095 0009 0496 0550  0.113 0.877+*
Ig EC 1000 0312 0464 0.671% -0259 0500 0495 0305 0405
lg CEC 1000 0233 0349  -0.040 0456 0322 0521  0.698%*
lg Clay 1000  0.618%% —0.936+* 0853+ 0452 0444  0.285
Ig Silt 1000 —0.600 0.673%% 0344 0.748%+ 0277
lg Sand 1000 -0.811%+* -0244 -0520 —0.105
Ig Al 1000 0520 0.659%% 0.631%*
Ig Fe,. 1000 0.091  0.687+*
Ig Mn,, 1.000  0.270
Ig TN 1.000

L 0N TE 0.01 K B R EHIZE(P<0.01) 54 1F 0.05 7K F _F T3 A15E (P<0.05) 5 *A7E 0.1 KT B E AR (P<0.1).
Note: *** indicates significantly correlated at 0.01 level (P<0.01) ;** indicates significantly correlated at 0.05 level (P<0.05) ; * indicates significantly
correlated at 0.1 level (P<0.1).

BEPEFE (EC10 ECso) HA B35 B AR &, 355 T 0.01 Rtk — A Ao BT B TN Co BEPE B 1 5%
) 5 2 K ECio 5 3 ZH KL (Clay) 7€ 0.1 7K F (O Wi, 57 T 3V TS Co BRIk BRMELZ 1A i — oo fl &
) _EAARSE , ECs 5 BBk (TC)AE 0.1 7K Ostfil) - 1E JClA R (EK4) ., WIrR LA R4 T LUE 1, -
A% 8 pH JE 540 Co B [ A S& 58 PR, HE B R 7~ [ 1
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Table 4 Simple and multiple linear regressions for Co toxicity thresholds and soil properties

%ii 5 Number [5])1 )5 72 Regression equation MHXZRE?  BITRNHE R ., YR 2 RMSE (log) F P
1 lg EC10=-0.302+0.4 pH 0.776 0.751 0.315 31.2  <0.001
2 lg EC10=4.834-1.486 Ig Clay 0.295 0.216 0.560 3.76 0.084
3 lg EC10=-3.015+0.548 pH+1.126 lg Clay 0.839 0.799 0.283 209 0.001
4 lg EC5=0.674+0.323 pH 0.720 0.689 0.295 23.1 0.001
5 lg EC5=2.857+1.357 1g TC 0.277 0.197 0.474 3.45 0.096
6 lg EC5=0.683+0.296 pH+0.987 Ig TC 0.861 0.827 0.220 24.8  <0.001

D5 AR SR RS 77.6% . 72.0% Y EC1o Fl ECso Y725 5, 1
AR (Clay) 7T L FR 29.5% 1 ECo 1Y 28 5 (7
2), BBk (TC) AT LA B 27.7% W ECso B9 78 5 (5 72
5)o WOy AR 3 AT ER 6 BN, 245 AWE T [l 5
R T 7 R 17%) F000 R 7 S 4 v o
2.3 {REIIGIE
BT 11 R e A ALA B RS T N

TBIEE (1 2) , K MR Co T R (L A 000 5 {0 79
DA AR 25N F 0.5 B S, Ak, R e dE T
T4 A 1 A A RS PEA B o Jr T A8 T R = AR T
15 LE 10 B (BRI 7 B A6 SE 3 80 AR 5 9 + 3 v
TSI T A Co e B FEl O BRI 6 4> Co i) , LABFSE
R B R MR BRI BE A OC R W5 1Y
pH U [ 2 4.30~7.53, 1 HL fk & & (OC) 4 0.8%~
5.3%, +IEFRL(Clay) } 1.09%~47.9% , 47 30 BH 85 148
et (eCEC) Hy 1.7~28.89 cmol - kg%, K53 F I E +
i%é?%‘ciu F14) T30 00 A 75 R 0 S B 5 ) Y A Y 3

TP A I . T Pk o AL 56 Y -3 BT A A

=] 5 i

g A

L0

< 47

= 3r [)

3 . .

0
= 2r -
= |7

! 1 2 3 4 5

119 g ECio Measured 1g EC o

AT RN A T AR (1g EC,0=-0.302+0.4 pH;
lg EC5=0.674+0.323 pH) , 15 2| %F BR ¥, 4t 3 + 5 Co
B B A TN AE (T 3A) SR A K AR DF R R 11
L3 AR Mico S FE HP Y [EIH 5 2 (1g EClo0=
0.95+0.94 1g eCEC;1g ECs5o=1.34+1.02 1g eCEC) , 1%
SRR At 5 558 500 A4S 30 5 3% 5] 398 Co wg Pk M
FYFINAE (&1 3B) , Z5 3R B, 5L TR 345 3 1 K
27 B 1 (R T ASE 7R AT 5 -, T D I 5 -
H Co MY REPE B, WA 3A T/ | E Cso I 2 (LR T 000
(AR 2535 /N F 0.5 A B G, £Co I 2 i 0 750000 4 17
A 50% /T 0.5 PN EE DL, 50% 17T 0.5 F 114K
IR AE I TR b 5 b3 7 ) T AR R

il VHE fff T 3% ] 358 b Co AR (B (B 3B) . X
B, T3k B AT (Y Co BB R ELAT o 37 Y
i I

3 iFig
AR o A 33 A I, Co X R EZ AR A 1)

T ) 1g ECso Predicted lg ECso

1 2 3 4 5
M [ 1g ECso Measured lg ECso

AR FHEET 43 pH R Clay EES7. (9 EC.o i BN 52 (e 4 B9 5 R 3) , B R HIAE T 4 pH I TC 8T 19 ECso 0 T 5 7 (R 4 5 R 6)
SRR 1 1 Z (B =M E) , BB 2RO 0.5 PRt i 22
(A) From Equation 3 in Table 4 based on soil pH and Clay to predict ECio;and(B) From Equation 6 in Table 4 based on soil pH and TC to predict ECs.
The solid line indicates the 1:1 line(predicted=measured ) and the dashed line represents the 0.5 orders of magnitude

difference between predicted and measured values
2 RERKHIEC.(x=10,50) WEESTANER X R

Figure 2 The relationships between EC,(x=10,50) measured and predicted values for barley root elongation
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33 f?o 33 ° S
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=5 R 2 27 500" 6% o
= © - = . i
Z % g B2
mE =g T
0 w0 s L s L s L s | 0 L
0 1 2 3 4 5 0 1 2 3 4 5
W 1g EC.(x=10,50) W9 1g EC.(x=10,50)
Measured lg EC.(x=10,50) Measured lg EC.(x=10,50)
O log ECyo @ log ECs

A SET R -3 N7 TNy AR T T B M AL 56 358 (SR 4 P Y FE 1 HI4) 3B Mico et al.(2006) SCFEHPEET WM AL 3& 37 i Ty
i, O3 [ 3 (1g EC10=0.95+0.94 |g eCEC ;1g ECs=1.34+1.02 1g eCEC) ; S22k 1+ 1 LR (WM =W 08 , BB LR A 0.5 AU 5 2%

A :Prediction equations based on Chinese soils in this study, used to predict European and North America soils(Equation 1 and 4 in Table 4) ; B: Prediction
equations based on European and North America soils in the study of C. Micé , used to predict Chinese soils(lg EC1=0.95+0.94 1g eCEC ;1g EC5=1.34+
1.02 lg eCEC) ; The solid line indicates the 1:1 line(predicted=measured ) and the dashed line represents the 0.5 orders of magnitude
difference between predicted and measured values
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Figure 3 The relationships between EC.(x=10,50) measured and predicted values for barley root elongation
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