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a. Overview of the experimental area
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1E 58 BRI BGAE i, PAFERIS X 850 m FAFUL 2 = bR vE AR
FH R0 X 18 ST 5, FF AN [R) 23 (8] A7 J) 7 B

WG XML 1a froR, B 12.47 hm?, o
A AR 10.18 hm?, 7&K HH A I HE 7K 1) 70 22 A1 35 418 1 AR
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HIK B R W 16 Fror. REHKEARE, W56 X &5
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JE i FF B 29 180 kg/hm?, % HAFEAE . BEAE. FHC EL ]
5:3: 2 i BEACHE BN 67.5 kg/hm?, 4 HAEIEAE.
HFET 2013 42 4 H 26 HFe4k, 7 A 13 Hikgk, EEH
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HURE 15 Water control
structures and
sampling points in
ditches and ponds
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b. KBk A AL

b. Hydraulic connections

Fig.1 Overview of the experimental area and schematic diagram of hydraulic connections
® 1 KRB BGEBK BIEHIARAE
Table 1 Water depth control criteria for intermittent irrigation of rice mm
HE/K T BR-#E/K - BR-Z WY PR Lower irrigation threshold — Upper irrigation threshold — Rainwater storage limit
a7 R 7y BETT 73 B ) AT DT LR B
Rice season  Seedling establishment Early tillering Late tillering Jointing and Heading and Grain filling Yellow ripening
stage stage stage booting stage flowering stage stage stage
FLfE Early rice 0-20-40 0-30-40 (&FT 4d) FiF 0-30-50 (T 4d) 0-30-50 (&FT 4d) 0-30-50 (FT4d) 0-20-30 f5HITET
W5 Late rice 0-20-30 0-30-40 (FF3d) 7% HH 0-30-50 (%+3d) 0-30-50 (¥%F3d) 0-30-50 (F%+3d) 0-20-30 FH%E+

TEARH 3 B R, 23KR, T 2013 FHEFE
il e =B A RS A = N B R = e N 1 O = 2

FRVIURE S TR AR AR JE 56 13 34 54 7+ 9 R, Tl
JEMA (total nitrogen, TN) FEM (total phosphorus, TP)
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a. Overview of the demonstration area
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b. Hydraulic connections

Fig.2 Overview of the demonstration area and schematic diagram of hydraulic connections
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T FH 7K VR A8 4k I B P SR K R K RTHE K &5 v
1251,

Hf, = Hf,_, + P,_, —-ETf_, - Sf_, +If._, - D,_, (1
o HE,, HE, 7350858 =1 RAIES ¢ R H K Z R,
mm; P,,. ETf,. St If ;. D, 735N -1 KA
AN E. BEAREEE. REERE. EKEMN
HRAKE, mm.

e FH B /K B AN HEZK B AR F K IR S K R IR
K _EBR K% E W R ™)

(2

Hyow — (Hf - + Py —ETf_, = Sf._), Hf_, + P,_, —ETf,_; — Sf,_; < IHpine

. {0, Hf,y 4 P,y = ETf, = Sfy ZTHy
=

D, = max(0,Hf_; + P,_, —ETf_, = Sf_; = Hyyx) (3)
N Hypis i Huaxe 20095 ¢ REEK TR HEK
FRRFEMN EE, mm.

& H H T KR B2 B SR A B R T3 3 — B
L0 8 T RIS N 95 S g i ).

Cffen Clita e = 39D
Cf, ={ Cf_e™*Hf,_, + CoP_, + C/If,_, R L0
Hf,
4)

K Cf, v CE AT AN -1 RAEE ¢ K (1) H KWK E,
mg/L; Cfy, NMEAEJE FHEKIKRE, mg/L; Cpv C, 251K
BERY . VEWEAK IS IREE, me/L: k AFEH R
R, 1/d; Ae NIRIBBISE], d.
122 AXAEKERFTAEDFER

TE R TCHIK B IGR TP 28R BTN
E ¥R K B DL R HE K P

V,=V_ +(P_ —ET_ =S _)/1CA+W_ -X_, (5
K Vs Vo BREE (=1 R ¢ RIGYERICHIKE,
m’; BT, S., 2B NETER AR ZBE. KEB
=, mm; A AVERERICITER, m’s W, o~ EiERK
B, m’; X, ANHPKE, m’.

IR SRAK BN 5 I BT B AR AE R RS A
IKE SV SHEK & 2

_ M 3 N
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Kb Mo I REHEEBEE; NN EUHATE R ITEE
D, N LR i S RE H AL AR HOK R, mms Af N
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a. FE AR A
a. Paddy model

b. AR
b. Ecological ditch model

123 2 %3 /4R

RO 15— P T B 2 R RN BT NI
iE 7k, ERTSIESR. shEB. HERBE R
Gl R, FFEEIX AR RGN, RGi5h )2
R R LTS 3 MBI 1) BRI I R S R 4
AR, SHIRERRE, 2) AR ML 5K
B, weESTEXRANEERER; 3) i milE
HESHOIFIAFAER, 105 BL45 BT O 5 s,
KH Vensim {E MR- &, H AL A HAE T LIRS
SIS S BT . T RS FFEAE, HiE
1.2.1 A1 122 W B AL, TR RIFEHEBIA, 4
VAR AR AR R i, Wi 3 TR

Pk mERE ERERBIRL

c. JEIEIE R Y

c. Pond wetland model

TE: BT, WS HEMARAES R, mm; ET NARAMEE, mm; OVSEA NGO 2REs R0 o oVESHERAY md's L, AEIER

WHAEREEREY, md'.

Note: ET, is the reference crop evapotranspiration, mm; ET is the actual evapotranspiration, mm; & is the removal rate coefficient for the ditch and pond units under
static mode, d’'; V;is the mass transfer coefficient of the ecological ditch, m-d?; k, is the areal removal rate coefficient for the pond wetland, m-d’.

B3 AW, AXNABIBEILAER 6 R 53 ) FRA
Fig.3 System dynamics flow diagrams of paddy field, ecological ditch and pond wetland models

1.3 ARXERMERENTR
1.3.1 K36 RAEA A BT

MRAE I 3 %53 A R I A B 1 K I &R, W]
DA 2RI X YA YE R AR, WK 4 B, H
T RGN B K BT R KRR
WIS HO VA SEI AL, LK 2,

HRIZK |
D\ Heki
[ Hek2

ik

g 6/7&/:)14—«@{/ %

- }’:%ﬂbk

S| YHDER,

e

y ARG ST

B4 KXW A% R LR AE
Fig.4 Flow diagram of the field-ditch-pond system model in the
experimental area

*2 HEXEAERFKRBMALE

Table 2 Input settings for the field-ditch-pond system model in the
experimental area
Kl n AR EAARR B B AR
Data type Variable name Value or basis
- R E R 456.6 mm
W Mg 119.6 mm
= RREEM &L 0.74~1.16
NETHER BRAEW  BEHENRR 083~132
WEEY REL: 1.50~2.90
elements ,
FAE: 0.93~1.69 mm
WRE Mifd: 0.76~1.99 mm
VAYE: 1.3 mm
i h o K NBR 1
K E bR AE 5 K
W WK IR *1
ater depth control .
criteria gﬂiiﬁﬁ _ K1 S—
RKEKE R 7 35 T AR B e K A o
Bie W Py ik JiE TN: 2 TP: 0.2 mg-L™
TEBLK P R TN: 1.5 TP: 0.1 mg-L™"
I SR TN: 0.2 TP: 0.02 mg-L™
s PR N Sk TN: 90(ZEAE) 100(BEAE) 40(3k 5
LB s ko JE) mgL !
gﬁ%ﬁiﬁ“ TP: 2(3&/F) mg-L™!
parameters (EEESEST SN TN: 0.5 TP: 0.12d”'
VAYE R R TN: 0.07 TP: 0.07 d™'
ERL T 4 TN: 0.3 TP: 0.4 m-d™"
ﬁ@@gggx@@ TN: 0.1 TP: 0.2 m-d”’
FH V3 2R ST A e FH T A 10.18 hm?
Field-ditch-pond Vg3 8 5 T 0.74 hm?

system area

E: TN NS TP NEBE. FH.

Note: TN is total nitrogen; TP is total phosphorus. Same as below.

ee 9 BRIV V0 A ME e 0o (BRARER X 1 km)
HISEI TR . A FHAVA 3 2% O 78 s SR 4 R Bdis
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VA S TR AS R YA) I B K B /K & R0 X S A S . B
MY RS Con VEBE /K A5 VIR C AR5 H
THI KR PE Cfy MBI YT SR CHRRHE I X 5200 Z s
g, HARWREEMSEN T RIS F3HSHE .

{5 F 94 11 2 % & % ( Nash-Sutcliffe efficiency
coefficient, NSE) « #H ¢ 5 # () A1 AH X 35 07 #R = %2

RI-1EKE RI-2EKE
@ 3 ,;E KE .

(relative root mean square error, RRMSE) T4/ A5 14 f) 45
PURCR, 577 WSCHRP . AR HE MORIASI 2507 42 1
Fty A Y A A0 30 R A5 g ) 43 Bk E, NSE E 0.5~ 0.65.
0.65~0.75 F10.75~1 73 50 Ri 4 NI R . RIAFAIAEH 4
R RE .

132 70 RARA A 2 B AR 7

R AR Y A gt i 3 S ] 2 TRV X K 3Bk &R, AT R
RERIEX HE KRG RRE, WK 5 Frs. RiEX
AR TR RBAE 5,  DREBRASE A A B A BV &R S 1
MEERHEZ AN, R i N\ 5 e XA A R4 — 2.

RI-3EKE RI-AEKE

SHEKE
)] ~—— FH [ >
2-1E
[(FoEsE ], @
HS
y R: AP 2KE
HEKIRE SE <EEKIRED
R3I-1EKE
= 3}12-3f K
f IKE -~
B3
313
T —— (e
ZEKEL e ZERE2 e REEITHK

A5 FaXEAZEREE AR
Fig.5 Flow diagram of the field-ditch system model in the demonstration area
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2ANHEAARSE . R B R . 73K 1
SRR AT B R B0 1 S HEK R AR I S H A R g . T
704 K 2 /NI b IR AT B AE VA R B, SR HEE Y
TR AR 2 R A P 048 I TRTARUEAT 20 P

185 & G0t 1 (095 G HETBCAAT (Mygaq) RV 303K 2
(Crnean) VA AN [F) 175 55N VA 3 2R G0 10075 G % o 7K F
8 S Y B3R () P BV I 2 G0 0 S I HE IR Y

_ Mf - Mout
n= —Mf
_\ ' M 3 (10)
My =D, Do, CEuDiAR/10
M,y = thl Coutr Xout
Migaq = 10M g/ (Agany + Aan) (D

b. &7 52
b. Connection type 2

a. T

a. Connection type 1

d. #4774

c. Connection type 3 d. Connection type 4

B 6 RFAELES XTEE

Fig.6 Schematic diagram of different connection types for ditches

and ponds
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Cmcan = out/ 1 Xoutt ( 12)

K 1 WKBEFTHERE, & MATFHEBREE;
M, OREHATET S RS &, g0 Mo, NARGH HHRR
A G, g5 Cf, NE ¢ RE | BRI fRE,
mg/L; D, N K5 i RFEHHKE, mm; Af, N
i PR MR, m*s Co ARG LAY ITHITS 3
WE, mg/L: X, NRSGH OV HR TR KE, m’
Mg N RS D175 UG A, keg/hm?s Agy 1 Ay,
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SRS SRR R, m’s Cow NRGH O
75 BT 29, mg/L.

2 HBRESH

2.1 HAERGUKEKFRIERITN

ARICRELT W ARG AR B HK SRR, A
A TH AR VRN 2 A5 T T AR R G . R s
DX i 5 FE 5 14 T T 7K J2 3R PS8 R RIS WL o, A
e AR AR F K K BRSEALLBE 0o 2 PR T 337 M 2%
RAETE AT BRI B8, 5k = 3 S AR H KA i
KR FE AL FE KB S0 AR AL R A 2 e A 55 2 i o
REERETEHIMEE R, REW W () B AR RE . A
SCULR G DAL 24 DE (F52300 TN A TP R AR N5 IE
£S5 Wk v Rtk i RAR B R R L DALk P 1

I UE TR AR PMA 5 S T b LA 7, AR
FEVEM R ARIC M T8 3. B 7 PR S S IAE AR 1k
AW G, F 3% 10 BB E R T H 8 T NSE KT
0.5, Hr 6T kT 065, 3T AT 0.75, 7 WA ER
1 r KT 0.85, RUIEAIEARRIL R G L F RG] =k
V8 DE Bt TN H1 TP K EEBLAUA NSE 41 - 0.3~0.5 Z [,
B 2%, (HH: RRMSE 124 0.33 1 0.20, 15 B AH
X 2 T 5. LR ) (6] B RO AT HLAR RO, VABE T A
FHHEK A S R, 3 BCHEK A R B 2 o v T R el
HEWZAIREAE, 3 7B, R, FREE
KB KIGHAE AR A, AR R & m B0
K A/KE R SRR, 5 E8CR R R YA IE R G
7K R (B RURS BEAR T A8 . 28 B R TR ARSE 51, AL
Py (AR RS ] - B YA IE R Gu K Bk AR .
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Fig.7 Comparison of simulated and observed results for the field-ditch-pond system in the experimental area
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Table 3 Accuracy evaluation metrics for the field-ditch-pond
system model in the experimental area

F5%Z Rice season A ZE &K Simulated element NSE r RRMSE
H K2 0.82 092 0.39
o FH T 2 0.59 0.84 0.75
Eér1§ fice FH I K 2 093 096  0.36
2114 DE SRR E 037  0.69 0.33
214 DE K 038 0.74 0.20
H K2 0.70  0.85 0.69
Wik FH T 2 092  0.96 0.36
Lato rﬂice FH I K 2 0.68 089  0.80
2114 DE SRR E 072 0.93 0.34
2194 DE K FE 0.60 0.93 0.31

T NSE NI B AL r AR REG RRMSE AN BT .
Note: NSE is the Nash-Sutcliffe efficiency coefficient; r is the correlation
coefficient; RRMSE is the relative root mean square error.
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Table 4 Nitrogen and phosphorus purification effects of
ecological ditches in the demonstration area under current

conditions

S0 Eﬂﬁ%fﬁ FLE Early rice i F Late rice
Pollutant Typlcal Moad/ 2 Cmea"/l n / % Moad/ 2 Cmea"/l n / %

year (kg'hm ) (mgL ") (kg-hm ) (mgL)
FIKE 26692 6.695 103 8.504 17.202  55.6
™ TR 4.035 1.012 225 1.006 3.956 47.7
K 4AE 1.839  0.997 19.0 0.390 1.428  80.9
$E 10.86 2.90 17.3 3.30 753 614
FKE 0324 0081 217 0.173 0.350 55.0
P KA 0.574  0.144 186 0.023 0.089 48.7
HiZKAE 0.205 0.111 18.6 0.037 0.134 72.8
¥IE 0.37 0.11 19.7 0.08 0.19 588

W Mg NRGH DG RV s Coean A5 RYPFEIREL: 5 iS5G
MIERRFE

Note: M, is the pollutant discharge load at the system outlet; C,,,, is the average
pollutant concentration; # is the pollutant removal efficiency.

23 ANEFE-FEAERIEA RS URR

FE AT S A S 18 0 37 HE 3 3 DA i B R i
RSy, JF I I SO S e T AR S A (5] % - F T
UL BB RCR, 5 R I 8.

HI&l 8 AT RN, BEAE TARELAIE N, RETEBE LR R

e 3, (KAWL R 2R K
(4 IR AE TR AR EL 209 5% Ab o IR 30T 1) 22 B R i A
Pk 2 B BT B, YA T 9% B, WS B
R R LCAE 5% B, AN [R) dh 0 46 RS 35 A 1)
TN. TP £ F 4 5 Al i 90% 1 85% LA F . FF5 1]
) TN TP KR HITE 19%~34% 1 28%~34% 2 [i],
SPKEERRSANEIEN L TN A1 TP 29458505108 34.41%~39.89%
1 28.74%~36.21%. THIAX LIk ) 9% B, B i 3 [A] 19
TN F1 TP 2 B R IEA N 100%, a3 A< & 42 Fr 45 H 8]
HEK; FFREIAN A TN TP BRI 31%~41% Al
36%~42% 2 [A]. BT 9% J5, G K4E 1 E
B L BRRI KGR, WG A 2 L R R A
BN LI 25NN S KT rp i B 2 R A X O FE R B, I
YE-FEH LA 5.2% B, FEAS RS0 FOAS [R]S05% Z 4
THUKFEEE BN, V8 REAE I 38% B A A 29%
(I AT, A SO RS AL, NAN 0 g 150 h-
I AL B DR 5%, DASEL AR 50% S A& H AR .
CEA AR SUBERGE R A RHE T, N T B ROR 5 R
SRR, WIE-FEHE R E A 5%~9%.

——6—— H.fiEarly rice [ & Late rice
100 100 100 faﬂaa—a—t}ea—e—a
= & = BN
5§ % 80 s 80 s 80
g E E E
2 3 6 S 60 ER
3 f : 2
= 2 40 Z 40 3 40
Ho& gy =20 20
H R hd
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
VY -FE AR E VYE-FEH AR VA E-AE AR
Ditch-pond to paddy area ratio Ditch-pond to paddy area ratio Ditch-pond to paddy area ratio
100 100 100 FFrEf’EiE!EI—Ei—EIEFEI—Ei—E!
g %‘j 80 § 80 % 80
s E E E
g 3 60 s 60 s 60
22 Z 40 2 40
w20 = 20 == 20
4y & E
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3

H I -7 F THIAR EE
Ditch-pond to paddy area ratio
a. FKE

a. Wet year

VA YE-TE AR B
Ditch-pond to paddy area ratio
b. “FIKEE

b. Normal year

VA YE-FEH AR L
Ditch-pond to paddy area ratio

c. Rk
c. Dry year

B8 BAE AR GRS R R A B4 E @A TAE L
Fig.8 Variation of nitrogen and phosphorus removal rates in the field-ditch-pond system with the ditch-pond to paddy

area ratio across typical years
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Fig.9 Variation of nitrogen and phosphorus removal rates (1ry and #p) in the field-ditch-pond system with connection types across typical
years
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Simulation of the spatial layout for ecological ditch-pond systems in
irrigation districts based on system dynamics

ZHANG Bochao' , CHEN Yang' , SHI Yuanzhi' , ZHANG Yuting” , CUI Yuanlai**

(1. State Key Laboratory of Water Disaster Prevention, Nanjing Hydraulic Research Institute, Nanjing 210029, China; 2. State Key
Laboratory of Water Resources Engineering and Management, Wuhan University, Wuhan 430072, China)

Abstract: Ecological ditch—pond systems are important measures for controlling agricultural non-point source pollution, yet
their practical application is constrained by unstable purification performance and large land occupancy. The effective
application of such systems in irrigation districts depends not only on the design and operation management of individual units,
but also significantly on their spatial layout (including system area and unit connection pattern). Existing studies often fail to
adequately capture the multi-level dynamic responses of water volume and water quality in such systems, which hinders their
support for spatial layout optimization. Against this backdrop, this study proposes a system dynamics-based simulation method
for optimizing the spatial layout of ditch-pond systems in irrigation districts. A field-ditch-pond system model was developed
using the system dynamics simulation tool Vensim, integrating water balance, pollutant removal processes, and hydraulic
connections among ditches and ponds. The water depth in the paddy model was determined by inflows, outflows, and water
consumption during each time step, while the total nitrogen and total phosphorus concentrations were simulated by considering
fertilization, first-order pollutant decay, and inputs from rainfall and irrigation. For the ditch—pond unit model, water volume
changes were governed by rainfall, evapotranspiration, seepage, upstream inflow, and drainage discharge. Pollutant
concentrations in the ditch—pond unit model were calculated using two modes: static storage-based reduction and dynamic
drainage-based reduction. The paddy and ditch—pond unit models were linked through system dynamics into an integrated field-
ditch-pond system model, which was calibrated and validated using field monitoring data. A case study was conducted in a
typical double-cropping paddy high-standard farmland demonstration area in southern China. The model verification results
show that the developed model can effectively simulate the dynamic variations of water volume and pollutant concentrations in
the system. The case analysis results show that: 1) With increasing ditch-pond to paddy area ratio, nitrogen and phosphorus
removal rates rise, but the rate of increase gradually slows down, suggesting an optimal range of 5%-9%; 2) During the late rice
season or under larger area ratios, concentrating wetlands in a single drainage path results in a significantly lower removal rate
compared to other layouts; 3) For practical implementation, it is recommended to first determine an appropriate area ratio based
on target pollutant reduction goals. Subsequently, wetlands may be placed either at the main drainage outlet or distributed in
parallel across different drainage pathways, depending on site-specific conditions. The findings provide a methodological
reference for modeling multi-level wetland systems and offer a scientific basis for ecological control of agricultural non-point
source pollution. Future work may further refine the simulation of water cycling and pollutant transformation processes within
field-ditch-pond systems to enhance model accuracy and applicability.

Keywords: rice irrigation district; non-point source pollution; ecological ditch and pond; spatial layout; system dynamics
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