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Abstract: [Objective] Cadmium (Cd) is the heavy metal pollutant with the highest over-limit rate in paddy soil in China. The
bioavailability and mobility of Cd are affected by dissolved organic matter (DOM) in the soil. Paddy fields are important food
production areas in China. As an important ecological agriculture mode in the rice industry, integrated planting and breeding of rice
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fields is of great significance to rural revitalization. The modification of paddy field environments and fishing can change DOM, but
the complexation process between soil DOM and Cd?* in paddy soil and during integrated planting and breeding of rice field process
has not been clearly understood. [ Method ]In this study, the complexation process between DOM and Cd®* in rice-shrimp cultivation
(RS) and rice monoculture (CK) systems was investigated using a comprehensive array of analytical techniques, including
ultraviolet-visible absorption spectrum (UV-Vis), 3D fluorescence spectroscopy, synchronous fluorescence spectroscopy, parallel
factor analysis (PARAFAC), 2D correlation analysis (2D-COS), and the modified Stern-Volmer binding reaction model. Herein, RS
was taken as an example of integrated planting and breeding of rice fields. [Result] The PARAFAC analysis showed that soil DOM
components of RS and CK were similar, including 1 tryptophan(C1) and 3 humus components (C2, C3, C4). Compared with CK, the
proportions of C2 and C4 in soil DOM of RS were lower, while C3 was higher, and C1 was not significantly different. The UV-vis
spectrum showed that DOM absorbance in CK was higher than in RS, with the absorption peak mainly located at 200-230 nm. With
the increase of Cd*", the change of UV-vis spectrum and UV,s, was significantly different between RS and CK. Synchronous
fluorescence spectra and 2D-COS analysis showed that paddy soil DOM fluorescence intensity changed with the increase of Cd*,
three absorption peaks were found by synchronous fluorescence spectra in DOM of paddy soil, which were the peak of tryptophan at
270 nm and the humus peak at 310 nm and 370 nm, respectively. The binding order between soil DOM and Cd®* in RS was humus
(310 nm), tryptophan, and humus (375 nm) , respectively. However, in CK, the binding order was tryptophan, humus (375 nm),
humus (310 nm). In the Stern-Volmer binding reaction model, the fluorescence intensity of C1 and C4 decreased with the increase of
Cd*", but the fluorescence intensity of C2 and C3 was unstable, which showed that the complexation of humus components C2 and
C3 with Cd?* had instability. This also led to the failure of fitting C2 and C3 in the model. The complexation constants IgK of C1 and
C4 in the soil DOM of RS were 4.25 and 5.03, which were higher than in CK. [Conclusion] The soil DOM in RS and CK mainly
consisted of humus and the material composition ratio of soil DOM in RS was different. The complex process of DOM and Cd?" in
paddy soil belonged to static quenching and the aromatic structure affected the stability of DOM and Cd** complexation. Also, RS
influenced the binding ability of tryptophan and fulvic acid DOM to Cd®* whereas the instability of the complexation of humus with
Cd?* and the complexation of C4 with Cd?* can enhance the bioavailability of Cd in soil. The results of this research can provide a
scientific reference for the study of soil Cd pollution mechanism and pollution prevention in paddy fields.
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C-N45HE %, %t DOM Wi Cd* BB IRACR, (it g cd ah & e th, AR THK Cd ARG &, t
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Sy OTAE T ik, WRFURGH oL DOM AL S 5 CA™ 4 & 1 F2, WIS HH -8 Cd 5 Y I BT 2 2 LA 27 4k
R

1 MRS

1.1 HERESHARE

R T 2022 4F 1—10 F 7EVL VG 44 8 I 17 AR VL X I BT 52 H A e PERAR G — 25, 4982880 9 /KR b 1) BT
JEAR RS, W EREFILE (Integrated rice - shrimp cultivation system, RS) . &4t /KFEH4E (Traditional rice
monoculture - Control check, CK) FiF I Bk, WA AT T 800 m?, EHIEMW T: 1 RBIFHREE
ERZT L m, 9849 1.5 m; 2) ORI VG 51K SCl m A, #EZK IV FIHEZK O 1 B e e R (8, /K FE
AR A IE, HAREFHE AN FREUR AR KA R R K = T 29 40~60 cm, ZKAFHRAEL N 20~25 cm;
J)FFUF AR Ny 2 A shHIBUE (375.0 kg-hm?, WFHiAEE 20~25 @) , 5 H LAY AR B0 SR0F, R R4
*h—Z=0FT; 6 A _BARRS, FEREAHURMERAE, HARN A AR, A HEREAE N 225 kg-hm?, AR
FifE, 10 5 AR, WoRIET—EBOK, AR IR BRI R B 20~25 om KA AORIEERFIE, FEATSEAT HE 2
B, R A KRR ER (Procambarus clarkii, ¥/K/ANEEF) , REGFERCY<BF FARF 47 .

WEIE T /K AE BSCASATBOK G AR U HOIR RFEIEAT 21 AN 52 A% f R 20 504, AN AR R L2 fE B H 3
BESATFREIE (0~20 cm) BURIREE, JLEURE 84 (2X2X21) K, B EUCEREYZ) 200 g, H)5 B T4+
ia [P SLi = BT KT AT BT, TSR ARRRE KGR RE R PG B, M5 255 B R S, o
100 H i 5 % B R A7 2 H
1.2 K875
1.2.1 DOM FEfbHI4%  RAK LR S4EE DOMPY, FrEL 3.0 g KT HAETEOE S, A 60 mL sk

(Millipore, HLPH# 18.25 MQ-cm) , T HAEIE T LA 200 r-min™ #%3% 16 h, J5£:id 4 000 r-min™ B> 30 min,
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W EEEROS 0.45 um /K RIEME, £35) DOM VAW, B2 TRarE Iy, BT 4 COKFERASH, T
SEG I NG PR, TR AT MR EE B UV,s,<<0.3,

1.2.2 FOCRRKIT E LI SEA MEREASOE, BAEOE TN 20 mL DOM ik, B S A 8508 4y
BIAIAA[F & 0.01 mol-L™ ) CA(NOg) » i, 1#B80rEF DOM ¥+ Cd®** WS 45179 0. 10, 20. 40. 60. 80,
120- 160200 pmol-L™*, B #E M E 3 4NF4T, FEFIH 0.01 mol-L™ () HNO; 1 NaOH ¥ pH 1 % 6.50.2,

Jef B0 B TR FAER R LA 200 r-min PR35 24 h, BUHJSRRESE T 4 CHEE 1 h oo RE S kT 6.
1.2.3 HFEMAMFE  pH S EAE (H)962-2018) W, FAALEIEHEAL (Eh) PG (ZE) FIHE
#530 Eh MR (FIA-6, B RAERAES) WE, WEREEA 5~10 cm: G HURATE WL S 8 E A TR A ik
(NY/T 1121.6-2006)ill 5 . VA f#IEAG WL (Dissolved organic carbon, DOC) FILLtiillE, LLE R +iE+ DOM

Fr P RGBSR G LR AR LR R

®1 RIS (RS) FIKFEEME (CK) RFTMEAMR

Table 1 Soil asic properties in rice - shrimp cultivation (RS) and rice monoculture (CK) systems

AL F®Y  HIRFH EAIE R R IR HUER® 43 R
pH -
it R mv /(g-kg™) /(mg-L™) / (mg-kg?) /(mg-kg™?)
RS b 5.02 358.6 20.57 24.81 24.46 35.09
CK b 5.20 522.1 18.06 17.78 21.96 13.99

(DField treatment, @Soil texture type, Redox potential, @Total carbon, &Dissolved organic carbon, ©Auvailable phosphorus, DRapidly
available potassium, ®Loam.
1.3 JiEMZE

EAh- AT RSO F RO R A3 Y66 BE T (TU-1900, 4T, ki) BB K 1 nm #E4744, S 200~450
nm. = 4ESREANERE FOE S P66 T (F-7100, Hitachi, HAS 4, SH0%E 1) =450k
. RS (En) A 250~550 nm, KK (B, 230~450 nm, K 5nm, J¢HL{EHEE (PMT)H SN 700 V,
FHEEE 12 000 nm-min™; 2)[F2E 9861 E N 230~450 nm, 5K 5nm, PMT 5N 700 V, FH###E N 240
nm-min,
14 BIELES SR
141 FHMRWOIE 5240 KA RIH Origin 2022 AL ] UV sy [ /2% K 254 nm &b DOM [IROEE, 48
7~ DOM ()35 F P A0S AL R EE , (0700 755 5 5 FEE RS B AR P v 0
1.4.2 FATHE M FATE 72081 (Parallel factor analysis, PARAFAC) HEMS I 5 Ytk i (45 S50 B 7 i
RNEANRIBUEE, PRSP IYR A 268 4 MATLAB R2022a ' DOMFluor T B 4% 5 56 i ik
AT PATR 20 A, R AE o Hr AT T h 2 P A AL B . BB R E AT A A BRI I B A A e
WEJE, A% OpenFluor ZEZEHHE FEHh ELAL,  LLEEJ) DOM #J5i 368 HRRAIE
1.4.3 ZHEAHIOGIE T THEM OO (2D-COS) Rl RAEA ML 524 SR B i 51 RS (AR A R-AE, A B T-42
EOGIEHTEE, HEA RV BISER S A P A G R, RIS RS DOM 2% & S S EAT
Hro AHWF7T{H FH 2D-Shige %4 A1 Origin 2022 BAEBEAT 73 BT 3122 — 4EHI 563
14.4 HERPAER &R Stern-Volmer B AHLY-S B 4 8 RSP IR RA RIF MR A 2R,
AXATF

Fo/(Fo = F) = 1/(fk[Cd]) + 1/f )

X, FOARKG DOM ZGHRIE, F Jy DOM JRIRZOGE, k NEGIERE, S5 ICEH
e, kAN £ TR E SRS, X K DO g K RID928 & A8 7 4L
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Xf 2 FhFEH RS 84 413 DOM #f 5 I = 4E 5O IE T PAT IR 08T, EAANT IR 2 (R4l 1
MNMFFEPTRA S 34, SHDOENE 1, KFEBRIERSG (CK) FIREIRFIFR RS (RS) 111 DOM 4 i
VI AR, HREMTR: 414> C1 9EGIENI T Aem= 350 nm, A,=280 nm, J& T E AR h IR R, ZWHR
SIEYNE S ETIP, C2 BEBIERL T Aem= 325 nm, Ae=400 nm, J& ML (IR BRI, H L TR KK
FAVEA A K Bl 58, oy T BRI, B M B I 55 A PR A FEAL AR P C3 I T A= 445
nm, Ae=275/365 nm, JEH LIRS R, W I, RS ARREMSLIMA S, Ch vt
F Aem= 490 N, Ag=285/370 nm, A& HIEFE L E BEYMR, B RRENS TEPEL,
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E
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7E: CLRIREE 1 443 ,“ C”BlI 2y Component, C2~C4 & X [P . Note: C1 represents the number 1 Component, “C” is the component,
C2, C3 and C4 have similar ways.
K1 RiFAhgR (RS FUKRESRVERSE (CK) M1 4 FiiEMIMEANLR (DOM) Tt

Fig.1 Four dissolved organic matter (DOM) fluorescence components in RS and CK systems
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Fig.2 Contribution percentage of fluorescence intensity of soil DOM components in RS and CK systems
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2.2 TIEDOM 5 Cd” IR R

2.2.1 DOM 5 CA?" ¥ K [ S (IR AN O 4R 78 DOM 2efb Ja Ho 5 CA™ 12 &t #8568 K3 5 52
I FETT T 7T . DOM 5 Cd®* 8 7K S5 I (14 5 AR U5 i P 3 s, 46 RS T CK i, Bifi 3 Cd® 389 i, 48 4M i 200~240
nm &b BIWOEEEIZ B N, 240 nm 2 GG EERETEE T 05 UVas 2R AE DOM 75 % JZ I EH B 24, {Hillik DOM
FEEME, AT UVasy fEXE IS FE A AL ES, 75 RS 1, Bli%E CA™IREERIIIN, UVas 6 TS 1T,
MAE CK o UV, B CA™ ¥R BE I _ETHITT T %, AT %0 Cd* 4% 0 S 8 DOM 5 AE IR 28, [H I Cd** it 2 2048 T DOM
AN SO, W] DOM 5 C? K it fE i A e KB,

45, IR 45
RS Cd*" concentration CK
407 /(umol-L") 4.0y
35 0 3.5
10
o 301\ | cdzagn 20 3.0F \| ca2sm
; 2+ 24+

g 25 Cd~“" increase Cd? increase — 40 25k Cd*" increase ca* i
= = CdHEhn —60 5 increase
;f( 20} I <012 9 — 80 20F S 0200 a2
2 15k —2 0.10 120 1.5 '<D 0.16
B i 0.08 ——160 »

1Of £ 006 ——200 1.0} » 0.12

B 22 256260 = 252 256 260
051 Bk Wavelength/nm 05 ¥ Wavelength/nm
0.0 = i 0.0 - .
200 250 300 350 400 200 250 300 350 400
K Wavelength/nm K Wavelength/nm

e HREPTIR T 1A CAP Rk E TR it th 4k A8 4k 77 ). Note: The direction indicated by the arrow is the change direction of
the spectral curve after the Cd?* concentration increases
B 3 Rl Al 77 (RS)FI/K G LA (CK) R 45 4% DOM 5 Cd®* e K S B A48 AN 1
Fig. 3 UV absorption spectra of soil DOM and Cd®*quenching reactions in RS and CK systems

2.2.2 DOM 5 Cd™ WK ML [R5 e 6 il 5 e MISEOkTE 138 DOM 5 Co s B (A K )25 596 ekt it i K] 4
F7R, 250 ~300 nm Abig kIS T2 5, 300~380 nm Ak i SRS T I A 5T, 380~450 nm A 14 Kk
T IER; REAMRMSE CA™F RN, SRS T Y, Ak GERYIRS Cd™ R ER DR
Bl%; RS 310 nm A JE 5 R IR CA™ W InJe il A, 10 CK R ZE T 966 4K 370~380 nm AL 5
JRHIRIGUETE RS RAEDOCHK, 1M CK IR 5 58 B2 ] e 3 /5 1%

350 - ‘ B FIREE 0 350
RS ! e CK
| Cd** concenfration 10
L 300F § /(wmol L) : 20 300
I : 1 — 40
> 250 250
g
2 200 200
2150 150
ES
100 | 100
sol REER | RWER | KRR 50k
Protein like | Humuslike Humic acid like
1 ‘l 1 1 1 O 1 1 1 il 1 1
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Kl 4 FRUFAITR(RS) KRG S0 (CK) R 4013 DOM 5 Cd* e K s B 1 [l 25 5 b ok 1

Fig.4 Synchronous fluorescence spectra of soil DOM and Cd?* quenching reactions in RS and CK systems
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Fig.5 Synchronous and asynchronous plots of soil DOM and Cd?* quenching reactions in RS and CK systems

2.2.3 DOM R[5 5 CA*FAKMBEE RN NoHi% DOM A5 Cd™ % & he ), FHEIER
Stern-Volmer %1 4% & DOM K Ji5 (%€ Y s HEAT 1L 443 BT DOM 414y 5 Cd* % & fg 1. 6 RS il CK
E IR CL RS BLIRY1 5 C4 DO IpE CA™ B n 2R REIME (B 6) , RUKRA T 7K
K i C2 A1 C3 AR AR E HEBEME (K 6) » KAWH IgK FITHRILESEJE S DOM (4% & hE /112,
DOM 5 CA* R MIZEHE Ig K W& 2. MARERSF, CL A C4 KA MM KRS 1 BE s i 15 15 7Y
Stern-Volmer # R4, JEFEFZH 45> C2 1 C3 fl& . CL Al C4 1 1g K 7E RS 14344 4.25, 5.03, CK 143
779 3.95. 4.10, MIHHUEH Ig K AEH RS>CK.
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Fig.6 Changes in fluorescence intensity of soil DOM components and Cd®* quenching reaction in RS and CK systems

9658 Fluorescence intensity/R.U.
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Table 2 Parameters related to the complexation between soil DOM components and Cd®* in RS and CK systems

FH [ Ab 28 DOM #14y HEREFH IgK Z WAL f )
Field treatment DOM components Complexation constant Ig K The coordination ratio involved in the reaction f/%
CK C1 3.95 38 0.80
Cc4 4.10 20 0.90
RS C1 4.25 55 0.95
C4 5.03 15.6 0.90
3 ¥ it

3.1 DOM ¢B 43 EE 5B (L B9S2 e Bl 2=

DOM 4.7 ¥ Le il 2 R s min 4 He 5 s Js (1 F 5 2R, AT AT RS 1) 14 DOM 417 415 CKAHIAICIET 1),
AE AT LEBIARR (B 2>, X SEBX 007 R, FESHK. EWEDEREERE R,
WRFZIRAT N S R R R R B ARR, 0 7 RSB RUK 2 IEEIE, s R A SRR R,
B B I PO BRTE S5 KB AR DOM BE/K 53 3ERS, 520 DOM PR 4L it DOM IR 41k o il i 5
&7 78 C2 f£ RS 11 & LU CKIK, IXAR AT RES 701 8RN R F A 5%, MIEE CK, RS MEZKIR LS i
YRR E R, TR DOM EH P IiERA K, FUK PR L AEY o IR RE R v, I RS 1Y
C2 i bl C3 R G AR R MR, HAE RS 7 AR BR300 5K RE P AR 20 i
K, PINS CK AL, RS AR FE M o B AEAH R TR T S, ARPMCYIPT HeAL 9 E 2 DOM #J5t,  HARBrFY
i+ 4% DOM A2 EVNE SR R, RS MR MIET F SV S sy, I A M0x AR5 3R 17 DOM 73 i ek
()i 2 B R, X AT B R AT ST R C3 7E RS HA HLB1 2 i 1 S 2 5 A

3.2 BIMRIESRIER A AL DOM 5 CA* R R R R RE X

MG 7R DOM Wi 3= 2247 T 200~220 nm Ak, B CA* W RGN &6 B2t (181 3D, BLHIR
WgUde 3= R B R BE AIAMSEHIAR REG K . FT A AT ABTTTR UVoss 4TSS (I 3) , Ui+ DOM 5
Cd*" % ArAk 7199, MR CA* /e L3 rh AR E MEARIE R M. M FB PR (1 4) 1, 270 nm
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WK EARAE RS T3P 5 CA* 28 & R CK BEAEE, 1 300~325 nm Kb f) i B ¢ e ok B 25 Cd® 39 in7E
CK Il RS ¥ E B4 M, RUBIR S CI MBS RESIFEARRRE, HEEAMm . YIRS E mh. Habrr
BETKK LIRS CA* % s, BasiRyotmEAfe, 5 CK ALk, RS 13 Eh &k, DOC & &
B (R D, UM RS MHIEREIE M AR, 5 CK ZR B3, HAACRER 43 TP 858 4% - ek s,
DOM K5 %, DOM (4R 4Lk e th o ds, semitt s Cd* 4.

3.3 2D-C0S %J DOM 55 Cd™ ¥R [z R HI38 R EE M.

WA TN =, CK M ERRANS LS Cd* %4, 1T RS HEM S5 Cd i &, —# () DOM
5 Cd* L AT 25 MR (E15) . B0 DOM EFFRS H -3 55 Cd* 48 G ARE . ML A E &R,
Cd**5 DOM [HSERIJIEUIE, X5 T Cd 5 DOM IR £i3e4 /1, T3 7 DOM 5 Cd* 4 & fase P, 3
&, DOM & Cd** {2 #r— e B2 LR T DOM MZLRRISE ), 5 B 452 1) DOM, T & RS cd®
2% & BA B IR AR T PebE, [R5 & 45kl W B AL S AR e, R H KA Bl R
JRE RIS, X R Cd> 1 DOM [4s &R 1), ASHiE 7¢I B 72 DOM v 5 R L] (2> , AA
W7 EMEEHN, w7 &R C2 fEfH L3 DOM & H UK, C3 MR Z MR B B A w07 & 1R
RRE, SetRsat R, KRR DOM 5 Cd* 4 & A«

DOM 7£ i i 2 5 Cd>* 14545 T 22 53 1T k5 DOM [FI9K B I S 48 ) R BL S5 i 5 B 5 RS K,
BUAEAR P BR2E55, 52 DOM IR EERI G Jm 46 & s Loy A 2 IO Em, 305 CA™ (s AR, & e hell &
B2 DOM 5 Cd* 4 & fg ks, CK MRS -3 DOM EM R el EA %R (K 2) , KWk
SR AN R AT R MREE . REMMFEE EAR, MK DOM 5 Cd* M aitf. 4 LR,
DOM F# i) Fi L A9 72 S AR A T A 3 AN R R s 3 T I 15 Co™* 48 4 B 0 22 5 1 3 B2 AR DAY o % FH R 977
L3 DOM [¥)3K FE Lu ) 5 43 1 4 W LR 72 57 R B2 iR S SRS s 25 R, i KA £ 905 3 % DOM
sz, 3 BB K KRR ST . AEPE S AR o RS A SR B PTIR R, RS AR
MK S P AN A D RE T VS B IR0 T 4 DOM 43 T 5 CA* 4 & e 11 50T«

3.4 BAERNERIXT DOM A4 5 Cd™ R IR RE X

WA RN CL R C4 IR A (R 2) , RPZHE CA™RAEMIEE, HEFHH g K KERS +
B, #W RS o' DOM 5 CA* 4% &rhe SIS sm, AHICHIE 78 2 BIVE K R 9k 2 () DOM TR = 4% DOM 5
Cd* & hE 1M, AWT5E DOM 4 H7E RS 8 (£ 1), H RS MEAKKA s, XA ATHEE RS (913 DOM
5 Cd* 4R iR T CK (MR . (B DOM i C-O Z5# 5 C-N 45 s 218, 55| FH 15 CA* W Il 45 & It Fa
e, XARERATI A CL S CA™ B T4 & e MEE K, &g R T REEES Cd A . & RR4 %
C4 Fixt IgK R GRRA CL i (R 2) , RUEBRS CI %A TRGERSH, &5 C4 Aakm
57 i, HEWEHERRRENBRE, EFChER, 8595 CI R, XA f c4 5 cd®
AR ReR AR e EE RN, (A2 RS & HIR C4 5 CA™ II4: & A 71 si i[RI th 5 7 3 Cd e
BRMERIT M, R RS B C4 LLEIAX CK K (B 2) , (A NAERE HFp IR FE i B Cd TR G R
PR C2 F1 C3 WS AR AT E, TIEPIEIER Stern-Volmer BB A (K 6) , KIAJEHHE DOM
5 CA* A& AR E R 244, Cd™ 5 DOM LA IF/E RS Al CK Fp AR AREL T 3% 0 55, XAkl 1 48
JRZH 5 %t DOM 5 Cd** 4 & FasE (T4t 5 DOM (175 75 45 M 5 5 DIAR 5%, Bk A FT B 55 Ca™ I A =6
DOM [HH¥AIE 2 S 4 5B8, Cd®* 5 C2 Al C3 A& AR E, ART CA™ I0y5 4epiia, WiHIRE M %H Cd
5 JLIE 8 1 XUt T B B Vi
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AT A 2GR ARRE A PATI T 4R SC o T RIS & SROBSEARY, fghfT 7 G HH 3% DOM 5 Cd*
AR AT T i R B PP RG H R 4011 DOM T ZH A TARIE], (14 DOM #2053 it i bk
BIAE .. 4RI M R/ERE IR0 b, Cd™ 5 DOM M &IRF % AR, X5 DOM hffft
KEMEISEFEWAR, HFEUEHT DOM 5 Cd® & A ERI MR I RGHA AR = k. %4
IS A5 2 W P e € S R R & LR DOM 5 C™* 14 4 ik 1 BOK RS B/ 9, & B DOM &5 Cd®*
(M4 HE it /E e DOM 3 & TR Cd™ &5 &l ik Cd MAEA k. % LANE, REHFIRE—E
R BRI LR B AR Cd®", 7 FH ) 92 75 045 CaP* 95 YeRBEAS UK, 1% 45 SR m) R -4 Cd 1975
QepriniR R A S
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