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Sk ZRE 2 BTN R EZN, 25 s ARERENEE AP EGE T3 Cu Pb V5 JORGLE, 7T EZR K 50 2 90%
WHC, F-4# DA SCE IR i I 2% PRk DAk & SR RUR

KBRS IR A BAE  BR A H Cus Pb

Effects of water, temperature and fertilization on accumulation ability of ryegrass

under Cu and Pb stress
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Abstract ;. Ryegrass ( Lolium perenne L.) is one of the main forages in South China. It has certain accumulation abilities on
heavy metals (As, Zn, Cu, Pb, Cd, etc.) in soil. The effects of water, temperature, fertilization and their interaction on
the phytoremediation of ryegrass under single and compound pollution of Cu and Pb were studied with orthogonal design
methods by indoor pot experiments. The results showed that; (1) under the stress of Cu and Pb, the shoots and roots
obtained the maximum biomass at 30 and 25 °C respectively with 90% water holding capacity ( WHC) and enough N
fertilizer application. Under Cu-Pb compound stress, the growth of the upper part of ryegrass was inhibited. (2) Based on
the heavy metal concentrations and bioconcentration factor (BCF) , 90% WHC was beneficial to the accumulation abilities
of Cu and Pb in ryegrass. In addition, temperature and fertilization had the different optimal values both in different part of

RYEGRASS and various kinds of pollution. (3) The transport coefficient (TF) exceeded 1 only at 90% WHC, 30 °C and
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NPK fertilizer application for Pb, while the other combinations of environmental factors could only slightly change the TF in
varying degrees, which is to say, ryegrass had a poor transport capacity for Cu and Pb. 4) The results of variance analysis
showed that water and temperature had a significant effect on the enrichment of Cu and Pb in ryegrass. Under the single
stress of Cu and Pb, the accumulation abilities of Cu and Pb in ryegrass were also significantly affected by the interaction of
the two factors. Beyond that, the accumulation abilities were also substantially influenced by the interaction of three factors
including fertilization under single and compound stress of Cu and Pb. In summary, when ryegrass is used as a remediation
plant to remedy soils with Cu and Pb stress, the water content can be adjusted to 90% WHC, and the enrichment effect can

be optimized by improving temperature and fertilization application at the same time.
Key Words: water; temperature; fertilization; interaction; ryegrass; Cu; Pb

BEE T A A IREEAL ) R R, T B HE ORI A b A2 i 04 08 LE 0 R %) 4 S i A - 3R
B i S M E Y SRR REREENESE, 5 8 R AR I BTILIER
SRR TGRSR IR TG S TR TR 1 B K A R U s A A A IS Y A R R N R A
AR EH SRR RATICER I RB WG 22 B FF R |5 A 23S TR 0] A0 40 0 P LA K 5 ) 1 AN B
TR R e A EEORUE L M A R R — S BE R, MU S PR A R TR, AR £
e iy sh AP A I A AR 2014 AT 4 [ - S YR BT A A IR R FE T AL Y, B (Cu) LA
(Ph) T4 MABFR R BEET] 2.1% 1.5% , J28kih  Tlb 5 35 1o A0 Tolk Fel X 25 b i 23275 ey {5 e 2516
DIAT N T 38530 B N 27 A48 e Vg oA B8 A A AT 38 Cu Pb & i 20 SI7E 7.65—113.65 mg/kg Fll
5.69—54.25 mg/kg Y], HAPGHLUREE G RMAMDEE S S B LplRm, BA AR A 2805 L AU
Wit 25 o A R SR K TR 2 50 AF YA I UEF TR 2T, 25 T, R 3P Cu P A& BB S, 5
ik 1486 680 mg/kg, 5L =

H i, N G R 15 B BOR RS . TRBORIEIE YR el e LRI
AR Hep Y E R T AR  JC R TS Y SR Sk A s B 5T P A T R A
(Lolium perenne L.) VAT 1 B 5 38 3 P i) —Fh 0 R AR I AF R PR LA R, AR W it e SRR s AR 210G T
AR, BE R E AR Cu Ph B —E & HERE S, KA SR T A" 16 B3 w4 B0 i 16 & i
GE IR 2 AF A PR B AR A WIS T AT AR 2 A 8 v ] (%) 35 A, DA 3 A1 - S5 0 5 £, A R Sl ] R a0
FRA B L, B0 X TR B 12 RPN Ph BRVERPEEAT T R I SR R B R A A
W T, FTVE AR X PR AR, AT XA & S A8 b AR i T B AR K I 451 2 PR
F gl A BB E HAR BT 5 A B E R A B W A A ] A — e R AR A s B R, A
KRR, HHOK A VB B T (B R e T 4 e e R IR IR RS AT TR RR T X R G 2K
AR 6B VE 25 45 TR B A IS 20 7= A — 2 R B2 W A P A 3 2 5 il 40 ) B 4 8 85 A W B,

1o R R R A AR PR AR, (A 4 TR R AR AR T AR AR A I

PRI, AR B AR D A P 22 R R ), R LA AN IR K 43 R RO A5 i 28 BEAEFH R XF Cu . Pb
B T 5Z A Y e o7 1O, DA 5 R R A2 BRI Cu Ph WSS A&, F— 209 T8 TR A HOX 4
J& Cu.Pb BEE W1,

1 M5 7®

1.1 itk k)
PRI WL A4, SRR E Ak A B 3R 2 20 em RE +, 22005 B T I BtE KAL A
SR B I3 0 (FLA% 24 mm) 5, AR GG L3R B 48 Cu Ph B9 S(H 270 35.94 .78.22 mg/kg,
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+ 3% pH {E R 6.8, A HL 5.13 ¢/kg, &% 0.72 g/kg, AW 18.6 mg/kg, HACE 203.1 mg/kg, I LIHT
4fi CuCl, - 2H,0 F1 Pb(NO, ), 3L rids & 4 JEm v B, AR 4 ) RAEE - 8 A (pH>6.5, —HbrifE) , B H
— Cu . Pb J5YLHk 4 400 mg/kg 500 mg/ kg, H-4LE A Cu-Pb 15 YLk i
1.2 5Tt

FECA L —IREE X B U AR Cu Pb BEJISZ M RS0 b, 88 40 115 R TRl R /K b6 B (40% .50% |
60% 70% .80% .90% 100%WHC ) A &) i BE B B (5°C . 10°C . 15°C ,20%C ,25°C ,30°C ,35°C ) | A~ [ A A A6 3
(N.P K NP NK PK NPK) 1T 5— R F52 MRS, MR g6 25 2R S S PR 2B 77wl AT 8 AR o A6 B
FREAERSHSEE , 3 1 FR s By &5 T3 2,

FRBEAT AL AR | /N AR — B O 5T 4 b
70% HOTRE T 2 3 min J5 25 85 Tk e e 45 1 AR
FH% 15 Cm,Eﬁé 20 em E’J?E%%%EX 15 kg il%,ﬁ% Table 1 The experimental design

St S A Y S Rk B 2o ., K Z Factors K Level
FIERT 30 M, GAEER 3 K, ERBE T 81 £ K4 Water 70%WHC — 80%WHC  90%WHC
LA I BERE (R I 2R O o TSR 0 i IR Temperature/°C 20 25 30
I FRE L B TR B (S ) FIEAS AL BAE R L i Fenilizer N NP NPK
R TE S A e 0 A K A7 e BT i B i 22 3 0 G WHC: H/K it Water holding capacity ; N: ZUIE Nitrogen fertilizer;

i%?%%ﬁ‘lﬁ?ﬂ%i%?%'f% @J%?EE Qi,ﬁﬁﬁ(% ( 46%N) . NP % 8% AL Nitrogen and phosphorus fertilizer; NPK . % i #7 Al
A igs i _ Nitrogen, phosphorus and potassium fertilizer
TTBEIRES (12%P,0,) HALH (60%K,0) k24t iir i gen, phosp P
NP K I, 200 P45 BT RO, F i FEA TR 2 RS — 5, TFH 60 d e MCHR A 4 AR
+FE,
*2 HBREREIT

Table 2 Factor levels arranged for the experiments

e K Factors e [ Factors

Treatment B k4 [ Treatment W Koy [

Temperature/°C Water Fertilizer Temperature/°C Water Fertilizer

T1 20 70% WHC N T15 25 90% WHC NP
T2 20 80% WHC N T16 25 70% WHC NPK
T3 20 90% WHC N T17 25 80% WHC NPK
T4 20 70% WHC NP T18 25 90% WHC NPK
TS 20 80% WHC NP T19 30 70% WHC N
T6 20 90% WHC NP T20 30 80% WHC
T7 20 70% WHC NPK T21 30 90% WHC N
T8 20 80% WHC NPK T22 30 70% WHC NP
T9 20 90% WHC NPK T23 30 80% WHC NP
T10 25 70% WHC N T24 30 90% WHC NP
T11 25 80% WHC N T25 30 70% WHC NPK
T12 25 90% WHC N T26 30 80% WHC NPK
T13 25 70% WHC NP T27 30 90% WHC NPK
T14 25 80% WHC NP

1.3 FES T

IR, e A SRR 850k BE, 0.1 mol/L i R BR VR 14 J T FH 25 8 /K bk vk 2—3 IR, Bk I FH B 4R
T BRI AR EE R AR I S AR A, 105°C R AR5 30 404h, 90°C Ht T 2 18 55 AR i T 8, BB 0
60 Hifi, BUEPREE I, 90°C FHL R HE A 2B ARG 100 B, HEHE &R H HNO,-HCIO, i #
Friffg, H33ERE iR HCI-HNO,-HCIO0, 3 3 AT I . B e, SR T 88 5 45 85 1 0 S5 3% ¥ (Inductively
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Coupledd plasma-Atomic Emission Spectrometry, ICP-AES) % FE 4 H Cu Pb &,
1.4 Haibpn

(1) A¥r'E 4% 240 bioconcentration factor, BCF) : *E%ﬂﬁj:%ﬁ*ﬁ%ﬁﬁﬁ?@ G/ EPESE ST

(2) #1z 20 (transfer coefficient, TF) A 38T 4@ & &/ YR TE &8 & &

6 A3 80 R F Excel 2010 SPSS 20.0 54 {41k fﬁfréﬁﬁwﬂwﬂrﬂ g SPSS HLN R TT 2% 3T
ANOVA Ziit5r )5 , Duncan Z2 5 HCBGEAR I 25 A BRI 4 H 22 57 W 35 1k, — IR ERR Y (GLM) FLBUK A3 I
AL B Rl R = RER A HAE

2 RS
2.1 Cu.Pb A F S l%scl-iﬂiai%aﬁﬁﬁf ]
FHIE 1 AT ZER R K o R K R4 5 FF , 32 Cu B—Whid i, 2R 22 B 7E 90% WHC ,30°C A2 jifl

o % O ¥R
[ cuta i

1 23 45 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27
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Fig.1 The biomass of Lolium perenne L. at ( three levels of water, temperature, fertilizer) ( different environmental factors) under single and

compound stresses of Cu and Pb
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NPK(27) B}, A] 3545 5 KL M1 31 K s A= i (P<0.05) |, T AE 90% WHC \25°C Jifi N ( 12) IHl AR 14 46 K f
fE. 3 Pb B—B i, RAZRITE 90% WHC 30°C |Jifi NP (24) i A5 de R py 22t it N 50 NPK WREA
SN AU I A KRR s 7E 90% WHC 25°C Jjiti NPK(18) B #8415 i K IAR T2, #F 90% WHC \30°C jifi N(21) Fif 3%
Kl (P<0.05) , & T HAD AL PR |

575 Cu-Pb B A WE A, A2 R FH5 4R K Cu Ph S— 38 B AH A7 78 B S i 3 il VR B4
TE 90% WHC 30°C Sifi NPK (27) By U5 25 it 81 e KAE , T EE7E 80% WHC \25°C Jjiii N(11) AbFRE b 2 15
FHAMAL LA (P<0.05) , HIUH S A i i K E.
2.2 Cu.Pb WMl FIREEN F52 HXTEAAZ 5 Cu Ph & 4 2 15210

HE 2 AT LU FEARRIE R TG T, B2 BORRIERAI AT Cu IR A R 22 57, KK AR A AR
TR KT EES . 7E 80% WHC \25°C J2jifi N(11) i), B2 Fidth FHAE Cu A —hie T A AR K EE&E
444.49 mg/kg, TM7E Cu-Pb & & WHa R | B3 F7E 70% WHC 25°C K Jiti NPK(16) I X 3 Cu iy E £ 8 B %
P, B A A EE R () i R B A 465.18 mg/kg, MREFARIAE Cu H—WHE T, 7E 90% WHC ,25°C J
Jiti NPK (18) it HA fie K& &8 1343.1 mg/kg, M 7E Cu-Pb A HHA R, 78 80% WHC ,30°C Ajifi NP (23) i 74 Bt
PR E SR 1274.78 mg/ke,

900 B Cudi—j5% O Cu-PbHEAEi5H
800 -
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300 -
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o LUK
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00 [ Hi i f ] f =
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800 i i E

MR Cuiy B
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o K 12HR
1 2345 6 7 8 9101112 13 141516 17 18 19 20 21 22 23 24 25 26 27

Qb FLZH Group

E2 CuPbB2—REAMETARREEFHEEZE Cu EEENFM
Fig.2 The Cu enrichment in shoots and roots of Lolium perenne L. at (three levels of water, temperature, fertilizer) ( different environmental

factors) under single and compound stresses of Cu and Pb

HilE 3 nT AR A RIS TG T, REFAFFRAL Ph AR A B2 S  HY Cu BEM
L, WA B AR SR T A B T4 8, 7E 80% WHC 30°C J2Jifi NPK (17) I, A B b F#f 7 Pb B — i
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B EARKE LR 557.46 mg/kg, MITE Cu-Pb A WHA T, BAZ FAE 80% WHC ,30°C it N(20) Bif Xt + 1
1 Ph Y AR 0 R R A P A S R Kb R AR B 597.66 mg/kg, RAZHURSAE Ph B —ME R,
1E 90% WHC 25°C JzJifi NP (15) i BA e K 4 1154.62 mg/kg, Mi7E Cu-Pb Z-AHHA T, 7E 80% WHC ,30°C
Fjiti NP (12) B A B oK B S 1 1496.83 mg/kg,

HRIEA RIS T4 27 ARSI 0 K G it R T . 7E Cu o —T5 e}, B2 SO 307 Bl e iR
25%C (266.76 mg/kg) FF/K I 80% (167.44 mg/kg) \Jiti NP (166.99 mg/kg) B, #2543 ] #E 30°C (825.43 mg/
kg) Fi/KiE 80% (854.78 mg/kg) Jifi N(768.00 mg/kg) if BA fe RE e HE . 71 Pb F—I5 YL} JRZ w7
A3 BIAETRE 30%C (316.19 mg/kg) /K 90% (261.18 mg/kg) .Jifi NPK (331.58 mg/kg) I, AR &84 BITE 25°C
(806.27 mg/kg) FF/KHE 90% (697.24 mg/kg) Jiti NPK(878.84 mg/kg) B & ALK AL, 7E Cu-Pb H A5
Bf, PR B 1A BIAE IR BE 25°C (204.68 mg/kg) 77K TR 70% (208.09 mg/kg) it NP (188.20 mg/kg) Hf Xf
Cu A& SRR, 7RI 25°C (410.79 mg/kg) FF/K & 80% (349.17 mg/kg) jifi NP (388.81 mg/kg) At X Pb
B A R B K IR A BIHE 30°C (1021.82 mg/kg) 7K 70% (903.57 mg/kg) Jifi N(918.27 mg/kg) B X} Cu
B B B ROR e Ad:, 7E 30°C (1161.63 mg/kg) FF7K i 80% (1307.28 mg/kg) Jifi N(1182.54 mg/kg) K% Pb B &
SRR AE . BUE R, AR DS AN 9 T 4w ol ) | PR RO 7K 40 BT R ) o3 v P R 0 25 S
M= F AL FE VR, 27 R A B Y RS A A

700 — 8 Pbi—j5H O Cu-PbEATTHR
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» E _ DE i P Kl
400 - Hi )

200 =
1A 1 X
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HRERPbE

Enrichment of Pb in roots/(mg/kg)

1000 [

500 H .

|
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3 CuPb BE—REAMETARREEFNREE Pb EEEHNZM
Fig.3 The Pb enrichment in shoots and roots of Lolium perenne L. at ( three levels of water, temperature, fertilizer) ( different environmental

factors) under single and compound stresses of Cu and Pb

% 3—4 ARG N AL PR Y & 5 Cu Ph &1 B IR PIr b 4T B9 7 22 70 M, 45 2R 7R . £E Cu [ Ph
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— WA AT RAFRYMRER Cu AR S B3R Ph AR R BK A R E R R =N RAZLE
VERTEIR & 520 (P<0.01) 5 1M A8 A2 B AR Cu B At AR B 527K 70 JRLRE A AR 2 25 52 Wi, [, 7K
0 FIRLEE AL 3t B AAE AR 22 [ ths 2 8t A0 fl 8 ) S AR RS BOARGES X P 1) 4 U 32 K o LS A2 B LA
L= HNER A H M B (P<0.05)  HABN Z I B35 . 18 Cu Pb BSWMA ST BRACEX L &R Cu
R KRR S BAEHIXARER Cu & AR BT W S m oh  HAb 25 PR R M H A B 5 3 B 0 R A2
RS Cu Ph SR A9 W E R,

£3 B-PETARRNEAFLEREAGMNEZEEER Cu.Pb SEXMN A EZLH

Table 3 Variance analysis of the effects of different environmental factor treatments and their combinations on ryegrass enrichment under single

stresses of Cu and Pb

3R Cu B4 R Cu B4k o E#E P B4 B Ph T4
SES Enrichment of Cu Enrichment of Cu Enrichment of Pb Enrichment of Ph
Factors in shoots in roots in shoots in roots

SS P SS P N P SS P
W 78072.406 <0.001 1027066.554 <0.001 62980.710 <0.001 179160.182 0.003
T 581659.679 <0.001 755257.018 <0.001 311883.772 <0.001 1198773.999 <0.001
F 927.874 0.859 212347.850 <0.001 65314.315 <0.001 282201.266 <0.001
WXT 153799.409 <0.001 681634.790 <0.001 296301.596 <0.001 189423.381 0.016
WxF 17735.453 0.229 546285.030 <0.001 80544.547 <0.001 213025.380 0.009
TXF 135674.761 <0.001 2918350.203 <0.001 83447.055 <0.001 885559.500 <0.001
WXTXF 39982.590 0.135 1731429.673 <0.001 248677.415 <0.001 281890.104 0.022

W:7K45r Water; T iR Temperature;F;HE*ll Fertilizer; WxT ; 7K 435 1R B 38 HAEH Interaction of water and temperature;WXF:7J(§5’EHE*4E/‘J
A HAEH] Interaction of water and fertilizer; TXF ; i 5 5 IERH9 32 HAE ] Interaction of temperature and fertilizer; WXTXF ; 7K 73 IRJE SR = # 32
H.AEA Interaction of water, temperature and fertilizer; SS: IIT BISF-J5 Fll Type III sum of squares

*4 EAPETARRERFAEREAAMNEBZEES CuPb AEXMNFES T
Table 4 Variance analysis of the effects of different environmental factor treatments and their combinations on ryegrass enrichment under

compound stresses of Cu and Pb

Mo 3 Cu B4R R Cu w4k Hb 13 Ph 4R MR Ph w4k
5ES Enrichment of Cu Enrichment of Cu Enrichment of Pb Enrichment of Pb
Factors in shoots in roots in shoots in roots

Ss P ss P ss P Ss P
w 43374.914 0.001 96565.795 0.002 10027.145 <0.001 820023.161 <0.001
T 131832.414 <0.001 1526893.686 <0.001 340288.367 <0.001 17489.827 <0.001
F 6973.275 0.265 517471.459 <0.001 136249.252 <0.001 78594.123 <0.001
WxT 191944.858 <0.001 41457.825 0.205 70163.980 <0.001 844026.523 <0.001
WxF 136392.894 <0.001 547940.855 <0.001 96158.897 <0.001 405472.384 <0.001
TxF 247706.461 <0.001 992231.479 <0.001 149653.644 <0.001 40050.127 <0.001
WXTXF 60980.761 0.008 406560.734 <0.001 113460.614 <0.001 260839.849 <0.001

2.3 Cu.Pb Prll FHEEH T2 EXTRF L Cu Ph &5 N EHE REG R

M 5 ITAEH  EARRIFER TG T, B A 3R Co i R RS JEA K
A HE B BCF(Cu) <1 AR BCF(Cu)>1, Z0Hr Cu &4 R AT AL, 78 25°C it NP B, R ¥ EH7E Cu
Y5 YT & AR RE TR M AE Cu-Pb & 475 Yt i b 5B 78 AR [R) R B i NPK B BCF ( Cu) & &1 ; 76 20°C 2
30°CJifi N NP 25044 T, 2 A 15 YA A AN R AR BE 42T+ 1 Hb 13 BCF(Cu) . 7E 90% WHC 25°C M Jifi NPK B,
R B HAE Cu BA—V5 YL FHUE BCF(Cu) ., MI7E Cu-Pb & G715 YLt AR FRTE 20°C HIHH R K 2 A543 544
TR B AR K 4) il NP ONPK BT, B A5 Y ab BEAE R A R2 B B3R T T AR BCF
(Cu),
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#x5 CuPbE—RESGHETARRERFAESREZER Cu . Pb MEERHE
Table 5 The BCF of Lolium perenne L. at ( three levels of water, temperature, fertilizer ) ( different environmental factors) under single and compound

stresses of Cu and Pb

Cu 53 Cu-Pb 5 5153 Ph H—y5 3 Cu-Pb B4 T
b Single pollution of Cu Compound pollution of Cu and Pb Single pollution of Ph Compound pollution of Cu and Ph
Treatment i EHE Cu AL Cu i EH Cu RS Cu Ho 13 Cu R Cu Hb 13 Cu R Cu
FETS HERE X3¢ EIERH EIERE EET3 ¢ EETS HIERE

Tl 0.134£0.030 1.928+0.025 0.287+0.025 2.704+0.048 0.406+0.008 0.795+0.023 0.499+0.009 3.054+0.053
T2 0.151£0.004 2.193£0.017 0.451£0.043 1.721£0.013 0.381+0.005 0.750+0.004 0.754+0.003 2.173+0.011
T3 0.196+0.035 2.769+0.028 0.489+0.005 1.125£0.012 0.349+0.004 0.770+0.009 0.875+0.004 2.778+0.060
T4 0.172+0.017 1.483+0.053 0.309+0.012 3.226+0.024 0.377+0.003 0.797+0.008 0.507+0.030 2.010+0.098
T5 0.080+0.062 0.950+0.044 0.239+0.012 3.197+0.364 0.420+0.011 1.178+0.031 0.455+0.003 1.992+0.029
T6 0.084£0.010 1.218+0.059 0.412+0.004 2.906+0.103 0.432+0.011 1.050+0.024 0.579+0.016 3.039+0.065
T7 0.099+0.026 1.239+0.149 0.069+0.059 2.293+0.040 0.575+0.028 1.200+0.049 0.434+0.020 2.594+0.138
T8 0.085+0.015 0.887+0.090 0.211+0.048 3.450+0.099 0.500+0.003 1.586+0.023 0.569+0.001 2.626+0.017
9 0.206+0.015 0.784£0.015 0.636+0.011 4.623+0.101 0.349+0.020 1.405+0.074 0.532+0.001 2.595+0.018
T10 0.289+0.019 0.819+0.033 0.106+0.037 2.887+0.088 0.593+0.010 1.757+0.029 0.719+0.001 2.320+0.080
T11 0.612+0.132 0.505+0.068 0.781+0.091 2.407+0.060 1.032+0.024 2.289+0.060 0.959+0.117 2.636+0.092
T12 0.751+0.026 1.179+0.056 0.195+0.025 2.587+0.597 0.400+0.008 1.720+0.034 1.581+0.071 4.075+0.049
T13 0.549+0.068 0.948+0.032 0.333+0.670 3.094+0.799 0.439+0.016 1.896+0.017 0.960+0.033 1.983+0.015
T14 1.022£0.737 0.931+0.009 1.085+0.196 2.453+0.625 0.489+0.018 1.656+0.019 0.894+0.029 2.238+0.037
T15 0.656+0.089 2.168+0.716 0.232+0.149 2.011+0.066 0.586+0.021 2.965+1.577 1.256+0.083 4.271+0.233
T16 0.198+0.016 1.073£0.027 2.126+0.994 1.961+0.781 1.103+0.041 1.906+0.066 0.910+0.176 2.421+0.092
T17 0.572£0.020 1.417£0.007 0.786+0.360 1.951+0.846 1.389+0.024 1.427+0.038 1.323+0.009 3.096+0.128
T18 0.650+0.433 3.609+0.013 0.704+0.066 3.071+1.435 0.358+0.007 1.523+0.032 1.283+0.011 5.104+0.144
T19 0.220+0.031 2.031+0.105 0.342+0.063 3.566+0.070 0.416+0.025 2.238+0.133 1.215+0.089 3.879+0.280
T20 0.327£0.024 0.749+0.083 0.908+0.001 2.523+0.111 1.073£0.016 2.666+0.118 1.730+0.053 3.657+0.188
T21 0.325£0.031 3.055+0.570 0.845+0.038 2.547+0.078 1.292+0.039 1.719+0.056 1.041£0.049 3.455+0.105
122 0.277+0.006 2.771£0.092 0.376+0.033 3.433+0.208 0.792+0.029 1.767+0.052 0.840+0.002 2.868+0.082
T23 0.271+0.077 1.761+0.040 0.479+0.023 3.726+0.183 1.176+0.068 2.651+0.191 0.607+0.007 2.740+0.061
T24 0.449+0.068 2.055+0.048 0.575+0.005 4.089+0.159 0.698+0.004 2.346+0.007 0.456+0.018 2.432+0.071
T25 0.667+0.063 1.140£0.117 0.570+0.004 3.721+0.137 0.663+0.006 1.422+0.022 0.776+0.034 3.388+0.118
126 0.593+0.127 2.378+0.127 0.324+0.010 3.010+0.188 0.756+0.065 1.288+0.110 0.638+0.008 3.323+0.036
27 0.500£0.004 2.027£0.021 0.444£0.057 4.470+0.018 1.347+0.046 1.345+0.051 0.607+0.009 3.672+0.036
P(W) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

P(T) <0.001 <0.001 0.137 0.007 <0.001 0.008 <0.001 <0.001

P(F) 0.574 0.024 0.112 <0.001 <0.001 0.036 <0.001 <0.001

P(WXT) <0.001 <0.001 <0.001 0.190 <0.001 0.008 <0.001 <0.001

P(WxF) 0.377 <0.001 <0.001 <0.001 <0.001 0.071 <0.001 <0.001

P(TxF) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

P(WXTXF) 0.135 <0.001 0.031 <0.001 <0.001 0.004 <0.001 <0.001

TEARR R FHA T, BT F IR P 18 4 2505 T Cu, BAEAIXE B IR 51T,
FEAEH B3 BCF(Ph) >1, 4047 Phb &4 2800 1, 7 90% WHC ,30°C K jifi NPK i, 2 #i ity | 37E Ph #—
GYN E AR R B K, MTE Cu-Pb A 75 Y4it, b L3S0 76 AH [ B2, 80% WHC Ajifi N B HAT e R H & T
B —I5 YL R B TE 20°C S 25°C it N NP 55044 T, 2 & 15 YA BAE R R AR B 387t 1 Hb_ L #BXT BCF(Pb) . 7F
90% WHC ,25°C J¢jiti NP B}, B2 ROARFRAE Pb B—I5 04 T HU% BCF(Pb) .., Mi7E Cu-Pb & A15 4, M AH
[ 38 B R 7K 43, il NPK A5 E T & 48 R 8Um m  MeAh, B G5 Y Ab B fE R R B2 B B4R T AR BCF(Pb) .

XK A i R REAE H A e T o A A7 s 4R R B A T R R I 2 R R O 2008, 25 R BR
Cu F— W 25T, A R 38 BCF (Cu) Z 2K 73 R AEEHA KoK e S5l A G R E SRR S
EHAE AR 2 5200 (P<0.01) , TTARES BCF(Cu) 4323 3 R+ A H R RN BE
(P<0.05) Sib B 520 5 24 3Z 5] Cu-Pb B A hE I, 4 7 M H 2 R 52 B AE I BRIREE AL 75 b 135
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BCF( Cu) , 7K 5 EEH A XA BCF(Cu) T ik 52 mm Ak, 24 %) M FE il 138 AR BCF(Cu) A 2 5tk
WL, MR BCF(Pb) BRTESF— A R 327K 73 SRR BEARA 240 2 8 &+ AL Z R H
BT VTSl

F 6 NBERAEARF IR & e — B AT YA TR X Cu Ph B9 %5 ia BB, 45 R EW UAE 90%
WHC 30°C X Jifi NPK I, BAE % TF(Ph) fie Ko 1.002> 1, A& IS K 404 F TF(Pb) <1, 7E 20°C jifi N
JEA& KA ALFE it NP AR 909% WHC 7K 2340 B Jiti NPK B 70% WHC 7K 340 Bf K 25°C Jiti NPK JIEE 70 ,80% WHC
JKAYAEFE ;30°C it N AE 70 .90% WHC 7K /34 B Jiti NP I 70% WHC /K 40 RbFE3E 10 41 AbHAH & b S A 05 Y
SEFRTEANRIRRBE 4 T AR TF(Cu) o Mb4h, 2 A WHEWAE 25°C it N JIE 90% WHC 7K 53-4b 3 jifi NP
NE& 7K 5403 Jif NPK AE 90% WHC 7K 430 Ab 3 & 30°C it N A 70 ,80% WHC 7K 734 3tt 7 20 A 340 & vh 42
T TF(Pb) , HAH RN FEARAE A

#6 CuPbRE—RESHETARRERFHEREZER Cu Pb WEERHE
Table 6 The TF of Lolium perenne L. at (three levels of water,temperature , fertilizer) ( different environmental factors) under single and compound

stresses of Cu and Pb

Ab 3R Cu #%18 FZELTF of Cu Ph #32 Z 4L TF of Cu
Treatment Cu Bp—{5 4 Cu-Pb A5 Ph B—j5 Cu-Pb HAT5 Y
T1 0.069£0.015 0.104+0.011 0.511+0.005 0.163+0.001
T2 0.068+0.001 0.265+0.027 0.508+0.004 0.347+0.003
T3 0.071£0.012 0.422+0.001 0.454+0.005 0.315+0.005
T4 0.116£0.015 0.093+0.005 0.474+0.003 0.252+0.002
TS 0.084+0.069 0.070+0.004 0.356+0.002 0.228+0.002
T6 0.068+0.005 0.135£0.004 0.412+0.005 0.191+0.001
T7 0.080+0.031 0.084:£0.024 0.479+0.005 0.167+0.001
T8 0.096:0.026 0.061£0.015 0.315+0.005 0.217+0.001
T9 0.263+0.014 0.111£0.005 0.248+0.002 0.205+0.001
T10 0.353£0.038 0.039£0.014 0.337+0.002 0.310+0.010
Ti1 1.211£0.256 0.304:£0.029 0.451:+0.004 0.364+0.033
TI2 0.637£0.190 0.074:£0.040 0.233+0.001 0.388+0.013
T13 0.579£0.051 0.099+0.382 0.232+0.007 0.484+0.013
Ti4 1.098+0.835 0.449:£0.054 0.296+0.012 0.400+0.019
TI5 0.303+0.149 0.116+0.081 0.198+1.062 0.294+0.004
T16 0.185£0.010 1.180+0.646 0.579+0.030 0.376=0.092
T17 0.403+0.016 0.411:£0.004 0.973+0.011 0.427+0.016
TI8 0.180+0.126 0.232+0.078 0.235+0.001 0.251+0.010
T19 0.109:0.009 0.142+0.021 0.186+0.001 0.313+0.001
T20 0.436+0.080 0.358+0.014 0.402+0.019 0.473+0.011
T21 0.107£0.034 0.363:£0.004 0.751+0.003 0.301+0.005
T22 0.100£0.005 0.128+0.002 0.448+0.004 0.293+0.009
T23 0.154+0.041 0.136+0.001 0.444:+0.007 0.222+0.002
T24 0.218+0.029 0.147£0.005 0.518+0.002 0.187+0.002
T25 0.5850.004 0.155£0.007 0.445+0.006 0.229+0.002
T26 0.249+0.067 0.108+0.009 0.587+0.003 0.192+0.001
T27 0.2470.001 0.103+0.013 1.002:£0.008 0.162+0.001
P(W) <0.001 <0.001 0.121 <0.001
P(T) <0.001 0.186 0.153 <0.001
P(F) 0.048 0.283 0.098 <0.001
P(WXT) <0.001 <0.001 0.002 <0.001
P(WxF) <0.001 <0.001 0.169 <0.001
P(TxF) <0.001 <0.001 0.034 <0.001
P(WxXTXF) 0.001 0.362 0.001 <0.001
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I =N R R M2 Ty 22004 Rl 1 A — Cu B T, R 5 TR (Cu) Z RN AEEH
FRMA (P<0.05) , K R LA 46 N2 | = RS T AR R B35 52 (P<0.01) , 7682 & e T, TF
(Cu) (R Z Ko B = R Z PP A T3S AR A B 35 58, 7R 5 — Pb JWRE T, K 4 R B e Xt
A TF(Pb) o EAEH WK 5iREA G RSB G & = N ZE B AEHXTH TF(Ph) B9 722 {b i 2]
B B A E A AE A Cu-Pb W0 2540 T, JR2Z 55 TF (Pb) 52 3145 P45 N - e 038 B4R FH A A g 3

LA
3 Wig

A B RS S R XA R AR A Y BRI — e R SRR . SR EXT Cu Pb Y AEMERE
WELIFE T L2 MG, A0XIRAREENS BR pE A5 5T T SR B A R [R) S B R R A AR RIS X Cu
M2 fE SRS, X SE 420 BIFSE & B, AN RI R Ph> Ab By BF o BB B b 11 2 R4 i Ak KA/ AN A, %6
PRA AR A B | R e E I (L 800 mg/kg L) | HLXF MR AR VE o T 28 . R4 Bigs W, MR
TE Pb Wre 3 pg A K AR B 1 5k 2 1) o] SE AL S T B IS T B Al (8 A R DL RS AR W e A Sl il 5
A, MTLAKEL, BRAZ RS Cu Pb M EERE I Z 2 M B A28 RGBS Bk S IE S E L
PR A2, HAT — 2 (I Sha 8 ; Rl Al 25 S R W, &2 6 5 4 8 W30 S -t e X R 22 FEXT L — Cu,
Pb & E SR AR, XTI HES Cu Pb P& Z [T A B BEAEHA &, BRILZAh, i n] 38 1o 3 il il
BN B R YR € S TR E B A 2 R R 2 MR H #1722 B AR IE R Y
AR R ITEAE R SEPR IS, BRI, 76 78 20 it 58 S R A F B Sl e — PR A R Z [ A E A
HEY,

TR AR A YT BR A A7), 12 55 F2 Y0 0T 0 2108, 10 838 o 52 ) - 58 pH  Eh A7 ML Mk R 45 7
AR AR YRR A5 R T A A R A BT RS AR IR A A e AR
PP Angle SRR R B WS AHE B ALY F R A T 4 A e L HE 80% B 100% WHC T £x
RS AT S ROk UL, 250 Cd & S Bl 3K o (38 RS TH S Ja BRAIK, FF7E 70% WHC B HUfS
KAE ), AR | B WA 80% 5 90% WHC I 5 BUS A K Cu Ph & &4, [FIF £ AE 90% WHC it B A
BEtEYe, X RS FRIAAY) HA A B ik K o i, SR T R S A R T AE SR A R
HEIK LSS

REBME Y E ST R AN i EZORIE AR A K S A YR R i 2 E2/EH , H5 B[R e
WA ] B 5 ) A — B85 3 0, %k R Y b B B 4 E AR i RO T R DL B A AR L A LA
N, PRI R —AE AT XIEI 2R, 3543 BRI, 385 FH 2UIE . AHOCHE R 3R BH , B A B0 I [R] A e A1 a2 A2 %)
FEAT W A= e AR R H PR S N>P>K! X AT RE DA W A= K £ B 52 Wi R 0 14 16 B2 3805
T T S8 A2 45 1 200 X6 it AT B 0 o 4 BB SE 0 R MEAT T ORI M 6 SRR Y R e o M i, B4 it R L
NE 5 1 HE45 4 8 & i 7 — e Yu N U 3l , JCW I AR, 3 S5 AR G o0 2 43 A 9 25 SRABZRALL A I A
HR SR AN S ) A R R AR R T A R W AE R PR Bl A Cu B TC W E R, (HdE
EARE] AP RS [ 25 3 4 R AR SOR R A TR] , e T s e 25 i R FAR B e 0, — B BF 58l , &L B AR
Xf + T 4 JE BAURRE AN K AL 0T 5 8 4R B 2 B S A MER TERER 5L, BRIk LI a5 e i Y,
B A BRI R B A BT 28 BT R A6 X 3 Cd Pb FE 4R B E M EEIR A, Hik, A X
AR A 7 S R E S S A R 2 B R Rt — LY,

BEAR 5B X AR A K B 4 2 1 S M o AN AT 200, NS e 1o A A i B 7 28 I A FH 25 45 0 A 1
W HEEE Y A K AR SR WS R R E S B AR, TR A, B N B K
TR AN | (EAE ) A PR i 25 i PR 08 3 V1 40 o Sl 2 4 I, 3Rt — 8 R LI B RE T 5 (IR AH S B )
5l —E AR ARG S e B A LN AR S TR R R B AR RE 1 22 5 AR IR R S v TR AN AR TR Y
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BREVEE , EAT LA B, B B 25°C 8% 30°C Xt Cu \Ph Y BRI E MEfEER , 20°C AR FRERARKS
SEEE,

CER T B GORERRAL A A K 5 BRI, AR TE Cu BA—T5 4 R, 88 90% WHC | jifi NPK, 30°C K&
25°C N 24 76 Ph BA—I5 4 F | %6488 90% WHC jifi N 5 NPK,30°C [N 744 ;52 Cu-Pb B &5 emt, B
B A K Z BHINHIVE T, 78 90% WHC 30°C KJiti NPK B XF Cu Pb BIZER B EAEMEAE, BEEX Cu Pb E
B Rt is BRI A BOXF Cu Pb B — B & SRR T ISR K 4 R EE IO S5 P85 DR 1) e AR T &
A7 4k fHXF Cu P BIFEIZRE 14055, 7 22T al SR WoR  FE K 4 R BE R =2 o, K o L B o B A
Cu.Pb EHERE HA BEwmM, H =W F2ZEfFE R LK =HENLEEH, HPTE Cu Pb H—i5 4
HF,ZEH R E N B ERW R — KR AT, AR 28 = HNE L EAEMN B E
=AU

KAy GREEFAR R R A Ko AR rp Y LIRS T fEE S BTG Y AR T e A B LA TSI
AR 2 By B E AR KR T . HOCHFFE R, 7K 5 LR B VR R 25 52 AR %) 7K 2 i 1R 258 1
Fra Y HHL R R AR R R F Y RS R B S IR OG T SE e R AR
ZA M1 - S B R R X K A B, B RSO B ST R T AR RRAR AR B MR R 4 FK 43 g D A IR IR R
B2 T BERLEE A BRI B2, L B 38 it S 2 AR AR 328 J i Jolp e, %o B 2 e R 6 ) i R i) 3 e R 4
NG R S AR A5 5L I AT Bel ) . (1) X AR AR KR B o BRI 52 e ] 42252 e & AL RE T, 1B M)
B A= Py et R A e L AR BB A T AR AR . 45 BT I T (R AH 2 i i 249 04 56 2R, IR R2 i K 43, 7K 4338 1k
S MRAEAR IR 9 ) I A 5538 R R AR R s iR A KB B MR RO FngE 4y, il ad e A1 F = AR
YR (R AR A RS B ALY DRI B0 7K B J I8 4 A W AR R A AR 10 A 4 R g A i R i o
o AR AR K B R iR B A T 2 T SR N R AR I T B, SR TFAR R B IE 7 AR, (2) X B s AR AR 1 1)
B, FEARRE R AT, UM Z A R 3R & =R R S BAE AT, W 158 pH R 250 5%
HA—E M, NI Cu P 16 R AAFE IS L A AR L, X AT RES R T B4 & Cu Ph & HEMERER AR 1L
BLAh, PR SR N 2R | T W AR 1 DA B D R SR A I 1 B R K A R R R ) A8 B FH A
N, A S T BR A RN Cu P B AEPEREA AR, B RTFREE I o A B TR A A K A e 2 A T
TR ZWFE AP SC T I A2 REAE TS e b 2R K5 AR S ) A SCHRIS R AT A8 /0 o JR 2 R FL AR
) 8 4 @ S i 3Erh | = PR32 BV HAE K5 B AR MR IR T 0 — 2B o R4
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