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Effects of sludge product application on heavy metal enrichment in Isatis tinctoria
under different canopy densities

Wang Shuting' Peng Zuodeng' Yang Wenbin® Yang Yang' Yang Haiting' Ma Fuliang’
Bai Jiayun® Xiong Jianjun®
(1. State Key Laboratory of Efficient Production of Forest Resources, Beijing Forestry University, Beijing 100083, China;
2. Beijing City Drainage Group Ltd., Beijing 100044, China)

Abstract: [Objective] This paper aims to investigate the safety and quality effects in Isatis tinctoria grown
under forests after applying sludge products. [Method] I. tinctoria was planted under the forests after
spreading 0 and 30 t/ha of sludge products at different canopy densities (0.3, 0.6, 0.8), respectively. The
effects of different treatments on nutrient uptake, heavy metal enrichment and active ingredient content of
medicinal parts of I. tinctoria at different growth stages were comparatively analyzed. [Result] (1) The
nitrogen, phosphorus and potassium contents in tissues of 1. tinctoria were increased after applying sludge
products, and the best improvement was total nitrogen content. (2) The enrichments in tissues of 1. tinctoria
for the heavy metals cadmium, arsenic and zinc were increased after applying sludge products. However, the
enrichment in leaves of I. finctoria for mercury decreased. (3) The content of active ingredients in root of 1.
tinctoria was reduced after applying sludge products, but the content of indigofera in leaves of 1. tinctoria
grown under heavy canopy density increased. [Conclusion] The application of 30 t/ha sludge products at
the current standard results in a high concentration of heavy metals in tissues of /. tinctoria, which affects the

medicinal quality of /. tinctoria.
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XA SR AE T R G0 A B A, B B AT 5.

MO Z 5% P i e o B K R E 2020 AR DLk 2
FS AR AR A 2 2 R 1 B T ), AR AR U AE AR
AT A R B BT, 78 2 R AR T 2 ] A
IR R R A L, ARG, 25 E AR
b A JE R 4 T PR R e R R 4R S (2021—2030
) VR TR AR R R AL ER . X5 TR
7 it AE AR B e i A AR KRR, AR 2 AR
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R FH I HERE FH 2 25 T Mk AR S PR T R ROR A
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71, EE 2, (A 2 < R ES B A
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B FC I 1)
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AETARKEY), BIEIE T, & MR . HOAR (R IS
O CREF MO P NZ], BA TG iy 5

WA 1k B DR A 78 DARS WA B i 4, AR
s A0 3 T M 5 A A 5 YR PR B it B R R YE )
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Ve b, Xt FH 5 I8 7 b JE AR AR IR 1R AR AT VR
My AN [ 295 3 7= b 72 A6 17 P AR S MR T
AT LN S it RS HIR S AR

1 A5 KB 5 #F 58 7 %

1.1 HREER

TR AT T b 5 TR R XM PR T < FE A B3
ML K 2EMR R 57 /R 78X (116.57 °E, 40.32 °ND, %
b Je8 P U T <= A, AP RR 9 ~ 13 °C, RR
#1170 ~ 200 d, “E-FHBE/K & 600 ~ 700 mm, 3N
WEA . WIG Ay 2022 4E 8 A 4 H & 2023 4F 4
H 17 B, 558 A P X T 340 9.03 °C, e
H-F5< 16.98 C, &AL H ¥R 1.65 C, R
B 7K B 106.84 mm. A [F]AE PFFE (%) AR 2 2 56 Ak Vo
Wk 1.
1.2 it

L5 Y6 77 i (sewage sludge, SSYHX H b 513
T HEKSE A BR 53T A FlT5 YR SR s o0 e % 5 e b
B, AT AT K G T HOK AR =R A
A BRAE T B K &5 T2 AR B o FA R Fh 11 H
TEIE T EPABR A, MR = 86%, KRFF =
93%, T-Hiffi s 7.8 g, F/KE 6.28%.
1.3 iRIigit

R T 2022 4 8 H 4 HIF 4, & HUMRAH B 5%
{8 RE N TARAE eI, BEAT PR R B, 3050 R
BEALIX H 11, AR FE T RS A w1, 1%
B2 AN, 43 B 0 CCKOAT 30 thm?*(T){5 8 7~
i, SR IAELE . B /ADNXEHN 6 m?
(K3mx 5 2m), FMARHEE RIS FE 6
AINX, FeTE 18 AKX, AR5 /N X DY A B 1 m BE 1A

&1 At EARR

Tab. 1 Basic information of experimental sites

TRAEL
Mixed species Mean tree
ratio height/m

RSl T SRS IR R PG 1)~ e i Crg b D
Mean i)BHJ/_cm Mean crown width Mean crown width

(east-west)/m (north-south)/m

A il PREE iTHE
Canopy density Tree species Planting space/m Raw space/m
- L.

STiXht (0.3) Sophora japonica, 5 5
g ’ Ulmus pumila

i \ o

Moderate (0.6) [¥ ¥ Sophora japonica 5 5

R

Heavy (0.8) ¥ Populus sp. 4 4

7.6 13.4 2.9 2.4
8.1 15.3 3.0 2.7
14.3 17.7 43 3.6

¥E: HdE kU5 T National Centers for Environmental Information(NOAA P35 ) 1)1k 5{35 55 (54511099999) . Note: data are cited from monitoring at the
Beijing site (54511099999) of the National Centers for Environmental Information (NOAA website).
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Fig. 1 Schematic diagram of plot layout for understory test
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Tab. 2 Basic properties of soil and sludge products used in the experiment

A B 2% g i i K it 22
pH Organic matter/  Total nitrogen/  Total phosphorus/  Total potassium/ Cadmium/ Mercury/ Arsenic/ Zinc/
TH Ttem (gke) (mg-kg™) (mg-kg™") (mg'kg™) (mg-kg") (mgkg') (mgkg!) (mgkg')
CK T CK T CK T CK T CK T CK T CK T CK T CK T
LEtiziR
Slight canopy ~ 8.05 7.78  20.67 119.18 0.59 x 10°0.92 x 10° 0.62 x 10°0.82 x 10° 9.32 x 10°9.46 x 10* 0.14 0.2 0.09 043 11.7 14.85 47.3 90.16
density soil
w4
Ic\ggg;ryate 7.80 742 1925 12512 0.74x 10°0.81 x 10° 1.01 x 10°1.49 x 10° 1.09 x 10*1.14 x 10* 0.19 0.37 0.05 0.25 9.06 13.93 59.6292.17
density soil
FAR P 5%

Heavy canopy 7.87 7.47
density soil

1413 111.94 0.71 x 10°1.90 x 10° 0.56 x 10°0.77 x 10° 8.31 x 10°9.31 x 10* 0.13 0.23 <DL 0.57 6.26 9.93 53.8173.27

T

Sewage sludge ~ 7.72 499 245x%10* 3.84x10* 1.96 x 10* <1 10.2 11.9 626
product

P PR * : 4

Standard limit 5.50~850 > 180 . RmERD . <20 <15 <75 <3000
value Nitrogen, phosphorus and potassium nutrients= 2.5 x 10

5] B AR TS R AL B )5 R A0 B MR YR ) (CI/T 362—2011) 5 DLYAR I J7 vk S AR HH PR B . CK. IR T 358 - 158 it
30 t/hm*598 7 fh. FIH. Notes: * means the standard is quoted from Sludge Disposal of Forest Land in Municipal Sewage Treatment Plants (CJ/T
362—2011). DL is the lowest detection limit of detection method. CK, control; T, soil application of 30 t/ha sludge products. The same below.
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Fig. 2 Effects of canopy density on nutrient concentration in organs of 1. tinctoria in varied growth stages
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Fig. 3  Effects of sludge product application on nutrient content of different organs of 1. tinctoria in different growth stages
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Tab. 3 Interaction effects between canopy density and sludge product treatment on nutrient and
heavy metal concentration in /. tinctoria organs
B =4 K W Nourishing growth stage F 1 Flowering stage
#BAL Position FE xR Index
F P F P
N 5.161 0.024 27.633 <0.001
TP 184.566 <0.001 101.594 <0.001
TK 24.593 <0.001 6.722 0.011
Cd 213.858 <0.001 1.949 0.185
R % Root Hg 90.563 <0.001 21.687 <0.001
As 13.450 0.001 9.995 0.004
Zn 10.415 0.002 5.910 0.016
fiE#5 Indigo 10.099 0.003 21.478 0.001
EH KA Goitrin 358.651 <0.001 174.215 <0.001
N 8.460 0.005 10.880 0.002
TP 236.530 <0.001 2.416 0.131
TK 85.114 <0.001 0.253 0.780
Cd 11.166 0.002 8.798 0.004
- Leaf Hg 140.642 <0.001 43.813 <0.001
As 2.004 0.177 11.212 0.005
Zn 51.647 <0.001 21.316 <0.001
#iE £41. Indirubin 101.899 <0.001 27.541 <0.001
S Z B Total polysaccharide 14.481 <0.001 12.305 0.001
N 202.238 <0.001
TP 0.884 0.438
TK 3.855 0.051
£ Flower cd 0.480 0.636
Hg 214.746 <0.001
As 161.685 <0.001
Zn 18.083 <0.001
¥E: Cd.4; Hg. 7K s As.Bifl; Zn.g¥. T [F]. Notes: Cd, cadmium; Hg, mercury; As, arsenic; Zn, zinc. The same below.
x4 WMAEMEABRESREREEERERYZEESEAENZN
Tab. 4 Effects of applying sludge products on heavy metal concentration in organs of /. tinctoria
grown under different canopy densities during nourishing growth stage mg/kg
CKAbFR T4 3
Treatment CK Treatment T
HEJR HE
Heavy metal ~ Organ FE AR A o FEA P oA A R AL b oh EEAR A o AL A
Slight canopy Moderate canopy Heavy canopy Slight canopy Moderate canopy Heavy canopy
density density density density density density
A Root <DL <DL <DL 229.21+14.62bA  156.18 = 11.27cA  324.55 + 60.85aA
« W Fr Leaf  185.36 + 14.84aB <DL 33.70 + 1.82bB 316.59 £ 58.29aA  277.60 £ 8.15bA  276.04 + 32.63bA
R % Root 1456.61 +35.61bB 1773.12+ 100.60bA 2911.32+ 16.12aA 1 866.23 +29.12bA 1 174.38 £2.74cA 2 375.77 +27.18aB
e M F Leaf 722.80 +40.60bA  840.09 £ 94.39aA  608.88 +£25.75cA  420.45+10.09bB  370.81 £39.97bB  460.10 £ 54.34aB
% Root 858.20+21.82bB  489.26+64.11cB  2233.69 = 49.81aA 1031.55+ 58.77bA 1015.09 + 7.35bA 2 680.01 = 86.08aA
As M F Leaf 534.72+53.11cB 797.82+115.76aB  636.13 +9.75bB 688.00 £ 8.58cA  934.82 + 48.62bA 1 285.12 + 580.47aA
, R % Root  26.14 +2.56aA 24.52 £ 0.94aB 18.79 £ 1.75bB 37.96 + 3.00aA 37.38 £ 1.15aA 3233 +4.12aA
n

M Leaf  43.34+1.61aB 33.88 £0.24bB 35.43 £ 1.46bA

72.57 £ 18.05aA

55.37 £ 1.73bA

4331 £2.30bA

e AT AR EV/ING FBER R AE [R]— AT R AN R0 b RE TR 7218 0 35 P 22 (P < 0.05), [RAT AN R K 'S 7 REFR R TE [8) — 48 P BE R e F V5 08 7= b 5 5 1)
TR EEZR(P<0.05), FIA. Notes: different lowercase letters indicate significant differences between varied canopy densities (P < 0.05),
different capital letters in the same row indicate significant differences between applying sludge products or not at the same level of depression (P <

0.05). The same below.
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Tab. 5 Effects of applying sludge products on heavy metal concentration in organs of 1. tinctoria
grown under different canopy densities during flowering stage mg/kg
CK/Ab# ThbH
Treatment CK Treatment T
HEe R wE
Heavy metal ~ Organ e il T EE AL A AR A BREEALIA rHRE AL A AL
Slight canopy Moderate canopy Heavy canopy Slight canopy Moderate canopy Heavy canopy
density density density density density density
% Root 311.81+59.99bB  469.59 +61.05aB  481.16 + 35.81aB 496.69 + 46.6cA 698.33 £52.27bA  779.00 + 38.21aA
Cd HHJT Leaf 943.93 +74.10aA  948.76 +4.39aA  904.32 + 14.54aB 1 033.04+29.88bA 1037.19+ 15.21bA 1 135.07 + 5.06aA
1€ Flower 95538 +£40.70aA  869.59 = 23.30bA  799.30 + 19.13cB 983.37 £ 3.59aA 899.37 + 54.54bA  863.75 £ 50.41bA
R Root  668.06+6.64aA  502.16 +35.02bB  491.23 £3431cA 43641 £17.17cB  563.90 £ 71.60aA  502.68 + 48.43bA
Hg A Leaf 504.68 £59.51bA  795.70 £29.01aA  588.66 = 19.33bA  274.59 + 10.88cB  392.02+37.26bB  570.14 + 37.12aA
1€ Flower 755.93 +20.10bA 1106.90 +30.61aA 603.77 + 16.82bA  598.60 + 32.86aB 579.84 +3.93aB 572.75 + 8.05aA
% Root 24221+43.98aB  251.73+26.71aA  267.88+ 11.32aA  528.46 + 85.42aA 317.60 £ 2.75bA  249.79 + 61.44bA
As M Leaf 156.89 +38.65aB  106.3 + 19.79aB 87.47 + 2.65bA 327.73 £57.55aA  300.66 £ 16.44aA  109.00 + 5.44bA
1t Flower <DL <DL <DL 89.09 + 15.21 <DL <DL
% Root  22.77 + 1.50aA 25.59 + 4.64aB 23.03 £ 2.35aA 2417 £ 1.27cA 41.09 + 2.14aA 36.15 + 7.15bA
Zn M H Leaf  27.03 + 1.47aB 24.50 + 1.28aA 29.40 + 1.56aB 33.42 + 2.34bA 29.96 + 2.68bA 40.21 + 1.87aA
1€ Flower  30.57 +2.41aA 31.01 +£0.92aB 31.10 £ 4.29aB 34.62 £ 3.30bA 47.36 +£3.25aA 57.65 + 4.05aA

FETFAEI, ARANH rh S AR AR AR AN RIS G, RS2 BT
BEMTT G BEAR A ] A ZE K, % A03 T A AR AN
B ) BRI AR BOR MR G 0. EEREA P AR A
ANFEV AR, MRAN 52 B 17 3575 G dR S B R
FrR BEAR P N K . 4 B 4 7R AR H ) B TS G
e %P N Hg > Cd > Zn > As; ZEITE, K E LR
FEM: A B IS5 G da B HE 7 Cd > Hg > Zn > As.
23 AEHHAE THREARSBMNARES

IS P15 R Ak 3 P 58 LA OO AR AT e eheA 25
SEAEEMERI(P <0.05)(FE 3), T AR E %
IS 7B FRAE KA AR 1 BE AR A A RO o f
A Z RS, HiEE T AR EA A T

MR RS B4 S BGR D. BREAM FEREK
1T AR ER AR A A G NS A AR A AR S =
5 e AN [ AR A AR A AR P B2 AR B 430l e T
4.49% ~ 783.62% 1 63.14% ~ 173.02%; = EAL A T
T AL ) rp e R 40 LR 2 RS R AN [ AR K
FLABAR P BE AR 3 43 30l =t T 151.85% ~ 244.34% Al
41.21% ~ 137.11%. TEARFRAAE T T AL IR, 75
B IR KIS IE & RIA B M AR HEN I CFE R fE R
LR = 50 mg/kg), JFAG & AR P AR A ) AR

B B3 R 24 8 ) (2020 4F RO I A < PR
(HEWKFEEGE = 2 mg/g); it HT5 e 5 5 (A HE
AP R B A A EE R AL B bR

Fo6 MABRESBYAEEAERTRESBHLESERISEITEN

Tab. 6 Evaluation of heavy metal pollution in medicinal parts of /. tinctoria planted under

different canopy densities by applying sludge products

B 724 K ] Nourishing growth stage

TF1E3H Flowering stage

i P bR SR
Canopy density Pollution index 8 Root H Leaf 2 Root i Leaf
Py 0.764 1.055 1.656 3.443
AR Py, 9.431 2.102 2.182 1.373
Slight canopy density Py 0.516 0.344 0.264 0.164
Py, 0.759 0.651 0.483 0.468
Pu 0.521 0.925 2.328 3.457
\ P, . . . .
b 2 A He 5.872 1.854 2.820 1.960
Moderate canopy density Py 0.508 0.467 0.159 0.150
Pz, 0.748 0.907 0.822 0.599
Py 1.082 0.920 2.513 3.784
N P,
TR He 11.879 2.301 2.597 2.851
Heavy canopy density P 0.540 0.643 0.125 0.055
Py, 0.647 0.866 0.723 0.804
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Tab. 7 Effects of sludge product application on content of effective components in medicinal parts of /. tinctoria

planted under different canopy densities

) H# Root M Leaf
KA 4b 3 igEilEs , — —
Growth stage Treatment Canopy density i3 HIKE fird= AN M
Indigo/(mg-kg™")  Goitrin/(mg-g")  Indirubin/(mg-kg ')  Total polysaccharide/%
1% JF Slight 1329.55 + 154.61a 2.25+0.22¢ 21.59 +0.52b 33.06 + 1.49a
CK W Moderate  126.58 = 55.19¢ 6.11+0.25a 15.45 +0.36b 28.64 + 0.44a
) HJ¥ Heavy 659.12 + 45.49b 4.07+0.35b 34.5+0.22a 24.75 +0.95b
Nourishing growth stage (N) )% Slight 1435020832 1.85=0.48b 31.85+0.56b 31.83+0.37a
T H & Moderate 1624+ 11.41b 1.06 +0.16b 2337+ 1.18¢c 21.78 + 1.15b
H ¥ Heavy 137.34 +32.41a 2.58+0.17a 59.84 +0.22a 18.26 = 1.15b
12 JF Slight 32.25+3.97a 29.8+2.11a 34.88 + 1.74b 22.07 + 0.43a
CK H ¥ Moderate 47.45 £ 6.68a 10.13 + 1.24¢ 74.06 + 1.68a 21.98 £4.73a
H ¥ Heavy 38.98£2.94a 17.15+ 1.68b 47.84 + 1.84b 27.74 +0.67a
T Flowering stage (F) -

R JE Slight 22.65+ 11.4b 12.04 + 1.05a 31.57 + 1.86b 21.04 + 1.14a
T % Moderate 10.34+5.01b 4.41+1.13¢ 23.09 + 2.08b 12.53 +0.71b
# J¥ Heavy 48.89 +3.05a 7.38 +0.98b 79.51 +6.27a 29.71 + 0.86a

VE: FBIAN NG 7 RER IR AE [F] — Jb 3R AN [RIAR PH B (8] 4778 2 3 P 22 5 (P < 0.05) . Note: different lowercase letters indicate significant differences

between varied canopy densities (P < 0.05).

3 Gibh itk

FE AN [RVHIS AT AR Tt ¥ 0 7 it J 2 18 RS 1
AL H e R 1) SRR B R B E R R
BB AEK, MREEFEEAER L. MY EE
J 1) R R BR 52 B B AR R TR AT A 30
Bb, 3B BIMRT 3 AR R AR, R AR
FRAEAS [F) A S0 28 32 B0 7™ A ok 5 Gt JTAE Y]
(ARSI I AEAE RS G X BR T ST T P AR
U 55 PR - SRR v Y B < e Al N TR A R
Ab, I AT RE 5 3 0 G D AR R I AR S AE A
AR A A % AR T DASR s ke W xt
M AR AN LR ), HARE AR+
HABRKITRE 6E 11, X A3 TFAE I F8 o
HAERR IR Z AN L — B @i g . AW TT R, &
JEEAIS P T R AR AT I e 5 AN [ e 301 32 21 1) - 275
AR B T HARAR T2, X SR WO IR A5 1 A PR A
A T o B M A T 0 A A B T 8 KRR B
J& B A o FEASHE T AE R RIE N2, fEAF
8 AT JEE () CK A FH 75 e AL B b, 8 IR A KT R
VAR R I & AT, Hym T HARE &R oo Rk M
R o PR R, XU R AR T R SR TS e T REAN 52
SRR TP e, BT, WA RS
D IR AEAR BE PP AR o A SCHIE SR B, EAK
Mo A3 R S e e RS RIRE R SR
(7 It 25028 HAFAE TR 25 4 AT AS e 3 IR B AL 9Bk
RS, S0 IR ok T FGE BRI T, 1T 22 g
TAEYIRE R A R AR A B AR Y,

it 95 Y8 7 b A R 1R W A B0 5 23 B RIS
B KT s i A SO0 < ) E R AR T, BT RES
B RR U6 25 T AL o A BB B A R AHIE TR
5 e Ab FH e 2 2 v AR P T R AR A S A
NS VE R 232 B T 0 0 W PV 1 70 12 5
AP o X R BRI 7T 3R RN R B AR 5
[, — L g JE U R A LLS 5 IR R R A
M RGEVEI & G SOd ks m S B (et
Yot B Jm R FEE Y AE KRR B R AR
T H TR R RIS AT B AN T3 P B A S B
FRYIEAT , R L 0 T P R AT ) 3 5 e e 5 Ul 7 i,
P AT ) R B SR A A B T ek T R B )
S T AE AR P P2 e PS5 v, RO B SR 1 B ik 2
I s i S P AR, LIS e ™ ot 3 I 9% 2 N <
B RARAE — BT L O R W R AN PR AR
e, RAFALIP A K HUE A B AT VE B 1E Y,
LA A A - R MR B S R ASHIE T
AL FR R SR Vs A 5 52 B, AR AR B H
T % 3 E R e AR R B & i 2 T
Fil, S EUR AR UNE B S .
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