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Sludge product application thresholds for Koelreuteria paniculata and Fraxinus
chinensis based on foliar nutrition and heavy metal ecological risk

ZHU Kun', PENG Zuo-deng", ZHAO Yun’, SUN Zhen-jun’, LIU Wu’
(1 State Key Laboratory of Efficient Production of Forest Resources / Beijing Forestry University, Beijing 100083, China,
2 Beijing Jingxi Forest Farm Management Olffice, Beijing 101118, China)

Abstract: [ Objectives ] Beijing boasts a vast mountainous area with significant potential for sludge product
assimilation. We investigated the effects of sludge products on nutrient content, osmoregulation substances, and
heavy metal concentrations in the leaves of landscape ecological forest trees, namely Koelreuteria paniculata and
Fraxinus chinensis (Golden Leaf Ash), as well as the appropriate application rates. This study aims to provide a
theoretical basis for enhancing the growth quality of landscape ecological forests and mitigating potential
ecological risks. [ Methods ] Field experiments were carried out in a newly afforested areas of stony mountains
in Beijing in July 2023. Five sludge product application amounts were set up, 0, 16, 32, 48, 64 kg/plant, which
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were denoted as CK, T1, T2, T3 and T4 in sequence. Leaf samples were collected in May 2024, and the contents
of nutrients, osmoregulatory substances and heavy metals were analyzed. The appropriate sludge products
application amounts for the two colored-leaf trees were comprehensively calculated using the membership
function-entropy weight method. [ Results ] The leaf N content of both Koelreuteria paniculata and Fraxinus
chinensis treated with the four sludge products was significantly higher than that of the CK. With the increase in
the application amount of sludge products, the N content showed a trend of first increasing and then decreasing,
and both of them reached the highest under T3 treatment, which were 24.253 g/kg and 28.810 g/kg respectively.
However, there was no obvious variation pattern in the contents of leaf P and K. The contents of soluble sugar and
soluble protein in the leaves of Koelreuteria paniculata and Fraxinus chinensis generally showed a trend of first
decreasing and then increasing with the increase in the application amount of sludge products, but they were all
lower than CK or had no significant difference with CK. The proline contents in the leaves of Koelreuteria
paniculata under the T3 treatment and Fraxinus chinensis under the T2 treatment reached the highest, which were
2.50 times and 4.62 times that of CK, respectively. With the increase in the application amount of sludge products,
the Zn, Pb and Ni contents in the leaves of Koelreuteria paniculata all showed an increasing trend, but were not
significantly different to those in CK, while Cu content was significantly higher than CK under T1, T2 and T4
treatments; the contents of Cu, Zn, Pb and Ni in the leaves of Fraxinus chinensis were the lowest under T2
treatment, while the Hg content was the highest under T2 treatment. Among them, the contents of Cu and Ni
showed a trend of first increasing, then decreasing and then increasing again, the change trends of Pb and Hg
contents were opposite to them, and the Zn content first decreasing and then increasing. Through comprehensive
evaluation, it was concluded that the comprehensive score value of the leaves of Koelreuteria paniculata was the
largest (0.553) under the T3 treatment, and the values of various monitored trait indexes were relatively balanced;
the comprehensive score value of the leaves of Fraxinus chinensis was the largest (0.620) under the T2
treatment. [ Conclusions ] Application of sludge products did not result in the accumulation of heavy metals in
the leaves of Koelreuteria paniculata and Fraxinus chinensis, nor did it inhibit their growth. On the contrary, it
improved the nutritional status of the leaves of both tree species to some extent. Comprehensively considering
above indicators,the optimal sludge application rates were determined as 48 kg/plant for Koelreuteria paniculata
and 32 kg/plant for Fraxinus chinensis. This dual-level optimization simultaneously maximizes growth
performance while minimizing heavy metal bioaccumulation risks.

Key words: sludge products; Koelreuteria paniculata; Fraxinus chinensis; leaf; nutrient; heavy metal
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Table 1 Basic stand information of Koelreuteria paniculate
and Fraxinus chinensis

e Gt

s
Koelreuteria Fraxinus
Item
paniculata chinensis
P Stand age (a) 7 8
BBIAIFE Canopy density 0.5~0.6 0.4~0.5
WRATHE Planting spacing (m) 3.0%3.0 2.7%2.7
SEHIR T Mean tree height (m) 6.92 4.51
4% Mean DBH (cm) 12.55 8.92
SFRPEREBOE R (m?) 5.01 4.81

Mean canopy projection

Note: DBH—Diameter at breast height.
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Table 2 Physicochemical and biological properties of the

tested sludge products and their usage limit values in forestland

BH Item WEE . ARHIFRAE
Value Limit for forestland use

pH 8.29 5.5~8.5
A MUK Organic matter (g/kg) 392 =180
KR Moisture (%) 57.1 <60
N (g/kg) 30.0 =25.0
P (g/kg) 32.0
K (g/kg) 19.9
Cu (mg/kg) 194 <1500
Zn (mg/kg) 563 <3000
Pb (mg/kg) 13.2 <1000
Ni (mg/kg) 30.1 <200
Hg (mg/kg) 7.56 <15
Cd (mg/kg) <l <20
Cr (mg/kg) 42.6 <1000
As (mg/kg) 12.4 <75
PRI BRERE (MPN/g) >11.1 =0.01
Faecal coliform bacteria
Wi U BRFE T (%) 100 =95

Ascaris egg mortality

Note: MPN—Most probable number.

14 #HmRESHERNE

1.4.1 SRFES[H] 7 T 2023 45 7 AitAri50R
FEEn A, 2024 4F 5 A AT ORKE . BRASAb B
6 BRARAAE R SRR, AR A /N X R34 T 28
B2 #k, /KA 34T, 3473k 6 bk Stk



792 MY E IR 58k R 31 %
=3 MR SLE DX IIRERBUM R
Table 3 Basic physicochemical properties of the soil in each treatment plot before application of sludge products
A5 Koelreuteria paniculata 44 Fraxinus chinensis
I H Item
CK Tl T2 T3 T4 CK Tl T2 T3 T4
pH 8.58 8.52 8.55 8.47 8.59 8.16 8.43 8.42 8.41 8.40
L F:3% (us/cm) 49.00 62.50 61.00 55.20 60.40 30.90 34.90 23.00 41.60 50.10
Electrical conductivity
F ML Organic matter (g/kg) 9.36 15.84 14.88 10.22 9.60 2.52 291 2.10 2.71 3.12
N (g/kg) 0.140 0.230 0.120 0.140 0.200 0.230 0.310 0.220 0.240 0.270
P (g/kg) 0.446 0.617 0.683 0.519 0.510 0.450 0.578 0.687 0.505 0.457
K (g/kg) 7.150 6.672 5.935 5.942 6.381 7.381 7.316 7.157 7.271 7.796
Cu (mg/kg) 14.028 18.000 16.435 14.503 15.875 15.828 17.362 15.530 15.530 17.673
Zn (mg/kg) 49346 52797 58368  51.516  51.759 52.614  58.056  56.954  57.557  59.761
Pb (mg/kg) 14.715 17.631 21.729  21.065 14.555 14.104 14.688 14.939 14.344 14.289
Ni (mg/kg) 18.396  21.221 20.437 17.984  20.269 23723 24.023  21.824 21487 24716
Hg (mg/kg) 0.135 0.205 0.217 0.116 0.121 0.111 0.108 0.101 0.102 0.108
: CK. Tl. T2, T3. T4FEmi5I=MAEH RN, 16, 32, 48, 64 kg/tk.
Note: CK, T1, T2, T3, T4 represent the application rates of sludge product as 0, 16, 32, 48, and 64 kg/plant, respectively.
(a) (®)
0P D DD D
Tl
L I )
T2
CK
T3
T4
© &0 % Fraxinus chinensis :
10~15 cm
® ®®® Q&
Tl T2 T3 |eeggee CK
® @ jg ® ®

® 250 Koelreuteria paniculata

FRXENXBIER () RiSRREAAR b) REE

Fig. 1 Schematic diagram of experimental plot layout (a) and application method of sludge products (b)

H: CK., T1, T2, T3, T4 FRi5IE7" 5t =S58 0,

16, 32, 48, 64 kg/kk.

Note: CK, T1, T2, T3, T4 represent the application rates of sludge product as 0, 16, 32, 48, and 64 kg/plant, respectively.
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Table 4 Two-way ANOVA of sludge products application rates and tree species interaction on leaf nutrient
and heavy metal contents
Fehi 4 Flt Tree species Kb Treatment P i< b # Tree species X treatment
Index F P F P F P
N 314.857 <0.001 45.206 <0.001 6.911 <0.01
P 139.992 <0.001 4.437 <0.05 5.333 <0.01
K 1386.155 <0.001 4271 <0.05 14.923 <0.001
SS 166.335 <0.001 7.078 <0.01 4.514 <0.01
SP 102.423 <0.001 11.951 <0.001 11.011 <0.001
Pro 0.925 0.348 26.326 <0.001 28.848 <0.001
Cu 6157.155 <0.001 26.284 <0.001 11.221 <0.001
Zn 45.657 <0.001 5.305 <0.01 10.927 <0.001
Pb 4.766 <0.05 0.656 0.629 0.947 0.457
Ni 0.102 0.753 8.202 <0.001 1.860 0.157
Hg 1.127 0.301 2.471 0.078 0.793 0.544
e SS—r[iEMENE; SP—rATEEH; Pro—fHEIR.
Note: SS—Soluble sugars; SP—Soluble protein; Pro—Proline.
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Fig. 2 Effects of sludge products treatments on nutrient contents in leaves of different tree species
TE: CK. T1, T2, T3. T4 F/RI5UR7 MR350 0, 16, 32, 48, 64 kg/bk. M AIR/ING FREFIRAH AR FiUA ] b 38 1) 2 57 i 2

(P<0.05),

Note: CK, T1, T2, T3, T4 represent the application rates of sludge product as 0, 16, 32, 48, and 64 kg/plant, respectively. Different lowercase letters

above the bars indicate significant difference among treatments for the same tree species (P<0.05).

FEA A RIS T4 B, IRE M SXT IR EES . R
T2 ZbFRAY Ni & &4M, Pb, Hg. Ni & 5% BT
WS, [0 T2 AbH He &5 W3 5 THA 3 M5
V7= fits H 2 AR PR (P<0.05).
22 SREFRLETEMMEMHBEMHAEERK
EERBRREHEEIEN
XIS R BB YRS R
G AL 11 MERH TR AR, AT IR
15087 i AL BT AR R 4 i W 9 SRS R
SRR TR ISR GRS, % 6).

B3R 5 AT, AR I AR A R 5w 1 ) B A
B EE BB VY A R (0.088~0.193), Hik 2
F4 B ST Cu (0.094) LAK Pb (0.131), 14k,
FAE TR N (0.073) AUE WK E . MIAEE fi
AT, TSI AL (T1~ T4) 125570 & =5 1
BT CK, MEBEM YR G RMESRSE
LT CK, T3 ZbBEM: 5550 i b i K fH (0.141),
J& CK AbFRAY 3.44 15, T4 AbFRM FH 4R &8 i
/ME (0.143), FH T4 AbBEF 2SR F 54 8 I RE
Jiick, Bz e e K . AR ERZE G PR



44 RIS BT R R IR T A A A XU A SR R g I A T T e R (LI 5

B0rgock @t @2 @T; MT4 1207 600
- L a R a a
%g £ 125 =1b ab EDE 100 o S00F
=1 o = =
g 5 | b = g e £ ’_L
ﬁ? 100 b5 i 2 80,; =g 1
@5 g5l aga S i 5 b
#n B 3 a {a g 41 9 ab
= w S 40l &= 200 F
Hds5 50t 2 g
@ 2 Exae £ ab
= = p
e &2 £ 00}
0 L 0 I
B ) A £ ) B A B B
Koelreuteria Fraxinus Koelreuteria Fraxinus Koelreuteria Fraxinus
paniculata chinensis paniculata chinensis paniculata chinensis

B3 SR mAEN A ER M SiE AT RS SN

Fig. 3 Effects of sludge products treatments on the content of osmoregulatory substances in leaves of different tree species
#: CK. T1. T2, T3. T4 F/Ri5IEHHEMNHN 0. 16, 32, 48, 64 kg/bk, H EAE/NG FREFR A R RIS [R] 40 24 8] 22 5 i 3

(P<0.05),

Note: CK, T1, T2, T3, T4 represent the application rates of sludge product as 0, 16, 32, 48, and 64 kg/plant, respectively. Different lowercase letters

above the bars indicate significant difference among treatments for the same tree species (P<0.05).
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Fig. 4 Effects of sludge products treatments on heavy metal contents in leaves of different tree species
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(P<0.05),

Note: CK, T1, T2, T3, T4 represent the application rates of sludge product as 0, 16, 32, 48, and 64 kg/plant, respectively. Different lowercase letters

above the bars indicate significant difference among treatments for the same tree species (P<0.05).
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(0.372)>T4 (0.364), FREAZEWIF 7 T3 Lh2E (48 BN FEIR B E R YR & & (0.083~0.193), &
kg/tk) FARAMREILLS . 375 R B e PR A e B AR AR A SS (0.103) Al
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Table 5 Comprehensive evaluation of nutrient and heavy metal absorption in koelreuteria paniculata leaves

under sludge products treatments

i . FE R EUE ] AR & pREUE
ek iRtn Membership function value B Weighted membership function value
Trait Index Weight
CK Tl T2 T3 T4 Tl T2 T3 T4
oy N 0.062 0.583 0.739 0.959 0.841 0.073  0.041 0.125 0.124 0.141 0.103
Nutrient content P 0.261 0777 0828 0632 0674  0.047
K 0.441 0.813 0.558 0.742 0.170 0.056
BEWTYREEGE  SS 0.786 0.340 0.719 0.502 0.270 0.088 0229 0.100 0.083 0.201 0.119
Osmoregulatory SP 0.767 0.357 0.126 0.072 0.227 0.149
substance content
Pro 0.240 0.087 0.008 0.760 0.321 0.193
EEEAE Cu 0.879 0.273 0.238 0.600 0.176 0.094 0269 0.190 0.165 0210 0.143
Heavy metal Zn 0.805 0.472 0.466 0.543 0.542 0.049
content
Pb 0.701 0.584 0.329 0.390 0.359 0.131
Ni 0.622 0.480 0.673 0.458 0.168 0.056
Hg 0.300 0.573 0.596 0.777 0.662 0.065
2545434 Comprehensive score 0.539 0.414 0372 0.553  0.364
HERF Rank 2 3 4 1 5
. CK., TI1., T2, T3, T4ERIGIFESMAEHES 0, 16, 32, 48, 64 kg/kk, SS—rliEMHE; SP—rIMEE; Pro—fHEM .

Note: CK, T1, T2, T3, T4 represent the application rates of sludge product as 0, 16, 32, 48, and 64 kg/plant, respectively. SS—Soluble sugars;

SP—Soluble protein; Pro—Proline.

Pro (0.193), F&4r& it A E B 48R N (0.073)
P (0.094), ELJE S ETNEE WIS N Cu
(0.088). Zn (0.120) & Ni (0.093), MIMALHE & ekt
KFE, T4 20 & BN R K (0.164), &
CK ZbFR(K) 1.67 15, T2 AFRM H 3@ M1 R &
MESRSTERNREKE, MFRS RN NEME
(0.081), FRHA T2 AbFETF &t gt Fr T il A7 () E 4
& N, SRS RS AR RE R S8R E
VAT ) BRI . R [R AR B 25 A VR
553 HER B T2 (0.620)>T3 (0.548)>T4 (0.455)>CK
(0.426)>T1 (0.352), KL B R 7E T2 Ab3E (32
kg/tk) NARAMRERLS .

3 hie

HREAFEMN, P, KEEFRITER, 6B
FA = BA AN E R 0, P T80 i
5 U8 77 AT AR g R DL st A A AR ) bk
ARARARGL 0, ABFFE, it 5 e = T L
T ASAR R A i LS R ISR S i, BRI e
K Fragah, 15U it FH ek AR 3R &
RN “MAEEI” , X 5ERA (Neolamarckia

cadamba)™ . FEF¥S (Pinus sylvestris var. mongolica)®"

TS AR SRR e TS U = S T R B SRR
A ARAAR L, ARG R, AR5 8™
it FH T R AAR AT I i N Py K SR AR B
W, XWRE SRR B REE L T5 U it A &
A K. S EIEM R B K S 87E T1., T2
SEPER BT, T3, T4 ALB BT, (HAE
F CK, XA BT5 U™ i vl BEH0 il 4 i 1 e ot
FXF K JCE I, 150877 5 I oA E YR A T
RESSBEIN TR oy Z M P4, JF Hogg - Z R 45 b
s AR (A0 K B9RREY . 55 —J7m,
FERF AL T w3, i S U S A s A
XPFNF P WK RERE T K, M ffifs K
TCEFEM F R BLAL T4 e MIZEM I B 3%
AL AT — kB R R N P K R
ERE TR

HEABEFEIN A, BRCHI i 75 8 7 i vl BE 23 5
Ay o 4 TR R R ) TR, DA M A A S Y i
PE, (AP T WHE S, 1S ar s AT
VSRR T L SR A ) T R A 4 L I
ifie, X955 8 0 W) T ) AR RN R A %t
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Table 6 Comprehensive evaluation of nutrient and heavy metal absorption in Fraxinus chinensis leaves
under sludge products treatments

i . FE R EUE ] AR & pREUE
ek iRtn Membership function value B Weighted membership function value
Trait Index Weight
CK Tl T2 T3 T4 Tl T2 T3 T4
oy N 0.099 0.601 0.718 0.809 0.435 0.073  0.098 0.123 0081 0.135 0.164
Nutrient content P 0457 0679 0062 0377 0914  0.094
K 0.946 0.302 0.440 0.785 0.913 0.051
BEWTYREEGE  SS 0.936 0.554 0.100 0.620 0.245 0.103  0.160 0.096 0229 0.181 0.148
Osmoregulatory SP 0.625 0.405 0.608 0.341 0.940 0.083
substance content
Pro 0.058 0.025 0.874 0.463 0.230 0.193
EEEAE Cu 0.764 0.078 0.846 0.587 0.271 0.088  0.168 0.134 0310 0232 0.144
Heavy metal Zn 0.088 0.299 0.885 0.445 0.146 0.120
content
Pb 0.610 0.885 0.936 0.615 0.825 0.038
Ni 0.434 0.182 0.897 0.566 0.250 0.093
Hg 0.415 0.637 0.164 0.791 0.745 0.064
2545434 Comprehensive score 0426 0352  0.620 0.548  0.455
HERF Rank 4 5 1 2 3
. CK., TI1., T2, T3, T4ERIGIFESMAEHES 0, 16, 32, 48, 64 kg/kk, SS—rliEMHE; SP—rIMEE; Pro—fHEM .

Note: CK, T1, T2, T3, T4 represent the application rates of sludge product as 0, 16, 32, 48, and 64 kg/plant, respectively. SS—Soluble sugars;

SP—Soluble protein; Pro—Proline.
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