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HEIREIEN 12.8%  SARMEWA 3 Py RIE HIRA BBV, FLEBRER K, B L HOK U RN R R
> WE/KFEWE > FEAEKTEME . Horton HLRY LU ENE A HIATEME G H 35 UK S AR EKER B R ESE T K51
BBEVERE, W1 R TS S R MBI, T A KBS R0 2 TR 15. 0% o 3 Fhysil 7y s RBHE 58 2 353 B A fRIs -
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Effects of different irrigation modes with reclaimed water on soil eco-hydrological

characteristics of reed land
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Abstract: To improve the ecological restoration efficient of reed ( Phragmites australis) community by reclaimed water
irrigation and observe the effect of reclaimed water irrigation on soil hydrological properties in saline reed field of Yellow
River Delta, a simulation experiment was conducted in greenhouse of Shandong Provincial Key Laboratory of Eco-
Environmental Science for Yellow River Delta. Four treatments were arranged : no irrigation (CK) , alternative irrigation of
fresh water and reclaimed water ( QF) , freshwater irrigation ( QS) , reclaimed water irrigation (FS). Soil infiltration course
and hydrological properties were determined in greenhouse and laboratory. The change of the soil pH value, soil salt content
and soil hydrologic-physical properties were also measured after reclaimed water irrigation.

Compared to the soil pH value (8.95) of the CK treatment, the reduction of soil pH value in the QS, QF and FS
treatments was 4.9% ,4.4% ,1.3% , respectively. Soil salt contents decreased significantly in the treatments of QS and QF
(P <0.001), while increased by 12.8% after irrigation with FS. Compared to the CK treatment, the reduction of soil bulk
density in the QF,QS and FS treatments was 15.9% , and 11.9% ,5.3% , respectively. The increment of soil total porosity
in the QF,QS and FS treatments was 18.8% ,11.1% ,and 9. 1% ,respectively. The soil density decreased, and soil total
porosity increased in the three irrigation treatments ( QF, QS and FS), and the treatments in order of greatest changes to
least was QF > QS > FS > CK. Horton infiltration model was fitted better to reflect the soil infiltration course of reed soil

after irrigation. In the treatments of QS and QF, soil infiltration capability, the first infiltration rate and the stable
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infiltration rate were all increased significantly after irrigation. Compared to the CK treatment, the increment of the first
infiltration rate in the QF and QS treatments was 106.3% ,50.8% , and the increment of the stable infiltration rate in the
QF,QS and FS treatments was 87.0% ,7.4% ,and 3. 7% , respectively. However the first infiltration rate decreased by
15.0% , due to the formation of soil crust after reclaimed water irrigation. Soil water-holding capacity was increased in three
irrigation treatments, and the greatest water-holding capacity in capillary and non-capillary was in the treatment of
alternative irrigation of fresh water and reclaimed water, which were 897.0 t-hm > and 85.2 t-hm . Compared to the CK
treatment, the increment of the total water-storage capacity in the QF, QS and FS treatments were 11.5% , 4.3% and
2.4% , respectively. The largest capacity of soil total absorption precipitation and effective water storage for plant growth
was alternative irrigation of fresh water and reclaimed water, followed by freshwater irrigation, and the lowest was reclaimed
water irrigation.

Accordingly, we concluded that; The reclaimed water irrigation had obvious benefits to reduce soil salinity, improve
soil hydrologic-physical properties and enhance soil infiltration and water-holding capacity. However, there was the
significant different in soil properties between treatments. These results provide the scientific basis for determining suitable
irrigation mode of reclaimed water in saline reed field of Yellow River Delta, which is of great significance to the

exploitation and utilization of reclaimed water resources.

Key Words: reclaimed water; reed ( Phragmites australis) ; hydro-physical properties; soil infiltration; soil water-

storage capacity

FEA K B FARAOLE B E B R B2 B R Gk R R B i R 2818 2 — , R R R 4R A K
FEER BT H_ R 25 DA 24 A A S IR B R AT AT A (B R B IRV B R T R R
H ] A B AE— AR B R IR T AR K FEAE K R 5 T R REURAL R A o B AT 3 4R FF AR /K FE I T AN [
X 355 A R B 2SR A b T 7K AR AE L 39 W BB SR R R AT AT ), e 1 A ¥ 7K B H bk o 35
YRR B A BV P AT SEFEAR H T M A R SR | R e 4R A K R X b Ak IR A B
PR IEAT T TR R, (B2 R b M TR ke B 0 25 A BOR B AT 0 A &2 T o e 4R A
IKTEBR G K SR SR R IR E R o I, A BSR4 A K A A B 2
WFFEXT G, W 5E 73 A FFAE K T R S0 HE S OB K EE T 35 3 b & 8 KoK XS4, B TR R AR
TKBEVE T N B BT K SCE SR B BRCR , B BRI Z0 & R K RS ERE T,
SE HN P2 R TE 3K A SO O B R AR /K PR O 3K, D BT = A U SR B b e S R B AR SRR
R 7K SRR AL 4R BEELB AR I AR S He o
1 HREFH=E
1.1 35 45 R o K

RIGTE LR IRAL 10 km FERZITAR B2 B b JF0IR 1, X H 38 TR+, T ARMBEZFERZ,
I3 THER AT AN 2R DA FR i AR MUK S m DL B b B, I W] R Y i & 3 $UFE 0. 4% —2. 5% , pH
fHAE7.9—8.9, Wb BIREEL) FEiXAB R RS TRKEREKEYIE- A ERE A AE RS, TE
AR : K- - R ESE I A - B - 363, & 40 WP 35 MR K f ik
BRES, B AR EE MRS G F T 05% i = S, 7 A K K BT A 5L R - COD, 924
mg-L~',pH 7.83—8.25,Na* 5 0.15% ,Cl~ 3 0. 16% , 4L ¥ 3984 mg-L~', TN 25. 31lug-ml~', TP 4. 664
ug-mL™",SS 726.3 mg-L™", ¥R/K/KRMELL N :COD, 14.0 mg-L~" ,pH 7.51—7.70, C1~ 3} 0.02% , A fifi B¥
435 mg-L7"',

1.2 sk ikt
FEILRE T ZAMESHEE R ERERELHWRHEZE N, RAK xJE x &5 0.8 mx0.6 m x0.6 m
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HORE BT AR A AR T LR, B AR LR 0.45 m, AR E SR EER 5 mm BB KN 18 1, F
FRAARFAT SRR B BRZE, ISHFHERK x FE x &4 1.0 m x0.8 m x0.08 m MHIKME, HHAAEKEN W
B3a EFEELAERERR P ER 20 mm, BARRME 32 #ko RAMILXAFTRE /DR AR, B EHFEK
FEBE(FS) s FEA/K 57K (B FRVERE (R 5EHE , QF) , BIVERE 1 R EAKE , B IR FE /KRR , KWK 8] R 2647 5 15
TKHERE(QS)3 R =X, Rl LARVERE (CK) B 5K U S BUE o3t B, b3 3 RE R, it 12 4>
RN, HEAKEBAHR, BAMREKEN 4 LR, B Z AR R SR, 5 AR E AT, A%
7—8 d K 1 Kk,3 A a#fT AR, EEAKE, N4 A0 ERRE, 10 A RIEDS E G #1715
B i SR AE B 3K SCT S B0 I € o
1.3 s B A5k

SRR GAN , T IBRE REE BOK SIS e R BAE B AR D E8, & IR S TR AR 3k T BRI 2
438t. pHAERA pH i+ (KL 5:1) , I MR FHE B EIE OK B 5:1) BTkl HIE &K E, 3]
Bk B E + e T ANFL B S SR UK SCEE S5 o i XA E A IR it BE A - 398 SR 1A B
R, B Horton ABEERIFIEFH(—H) ABBEAGHEBRE W LIBEAB SR, RBNERE RBRE
ABRESE HBAXHE - LERENN TEEEEKE FBEEKENRMEKE. B

W, =10000 - P, « h;W, =10000 - P, - h;W,= 10000 - P, - h

Xep, W, W, 0 WA LR EE KR EBEEKBEAEMEKE(t-hm ™) ;P, P, F1 P35 0%
EILBE AEBE LR EILBEE (% ) ;2 AHHE LERE (m) , APFRHE 0.2 m WEETHHHE

FI I SPSS13. 0 Geitak A4 347 5 22 43 Hr Je 13K 7y AN B i R B

2 ER5HH
2.1 RREEF R TSRS Rk 05 e gmH e o o
FEMERE, FREHE TR T, 1% pH HRH E Y
M T (F, 5 = 1820.508,P <0.001) i 177 — el I
A1 RECR U SUR 7% 6 o (A TR 5 o] \‘I‘ /% ..
35 MW £ pH LR DRI < Wkl % Nt I
< FEAEKHEE < AW, SR pH fH(8.95)4 £ 7T '
W, SR S A A KA B R 4.9% . 01| 1
4.4% . 1.3% , 3% £ B i T F Ak pH 7 1%
7.83—8.25 Z[a],1E/K pH {BFE 7.51—7.70 Z[a], #E 5% 0 CK Qs QF FS 78
7K i pH B8/ T 2430+ HEBR B8 A S A 7 R . R By A igation mode
FREFAT, LIEERERAN B EEER (F,p = Bl FEEESXTLELARSE

41.172,P <0.001) , 5RE M+ 5L 8 (0.39% ) #  Fig.1 Soil saline alkali content under different irrigation mode
b, FEAE K RETR S IS Eh BN 12. 8% , E I — 5 CK HARMEME, FS K FEA: KM M, QF X FEA: K K563, QS i
RIS, X S A A —E R TA X, Ty S
TKHEWE TR A B TR 12.8% (7. 7% , Wb Ve I B
B ,3X 5 PR IRVEE AT O 250 ToHLER R S R —E 2 R .
2.2 REGEHE T W IR T AL

T 2R ARG T T TR AT R BEME R (F, 5, =306.410,P <0.001) , iR 1 °/JH1, 5
CK AR, AFRHE T T HIEAEY BERUN, K EREET LR AER/D, TR 15.9% ,EK#ER F4E
IKFERE ) T RE 11.9% 5.3% o A[FRFEIT T 1IRESFLBREE (F, 5 =4.926,P <0.05) , BEILIRE (F; »
=4.665,P <0.05) , EBEFLBRE (F, 5 =34.719,P <0.001) FIH BEMZE T (P <0.001) , 5 CK AL,
FEWRSE 13 FLBR BRI R I I K H, KANRIU B R AEHE > KRR > FFA KR > RAEMR, g
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PRASHE T 7K VTR P A K PE TR A - 398 A LI BE 20531 R PE S fn 18. 8% \11. 1% \9. 1% , R FATE B35 +45E
SARBLANE K M BB DT T 1 IR FETE LU B /K HE IR L7 , T B8 — P A /K O R o A AN ALBRBE O T 94 A
PR, X S HBEBK A —ERR . TR E ML s 322 i TRECN RIS T 305 LR RRA
—E IR IS , IRlE 55 - (9 2R M B R 35 % TOHLER 1 PT REERBCR —E IR R

®1 FARREAXTHRBEMABRERR

Table 1 Character of soil density and porosity under different irrigation mode

Bl AT AL EAFALIIE EEAALBRIE
Irrigation mode Soil density /(g+cm ™) Total porosity /% Capillary porosity/ % Non-capillary porosity/%
CK 1.51 +0.12a 41.34 +3.58C 39.23 +2.32B 2.11 £0.51¢
Qs 1.33 0. 15¢ 45.94 +4.12A 42.67 £3.05A 3.28 +0.48b
QF 1.27 £0.16d 49.11 +4.38AB 44.85 +4.02A 4.26 +0.31a

FS 1.43 +0. 14b 45.10 +3.62AC 42.35 £3.12A 2.75 £0.42bc

CK A ARAEWE, FS A KR, QF A FiAE K WE /K6 0E, QS N /KW ; BIREH AR FRRRBEMERIE0.05 KFE(KEFH).
0. 001 /K¥-(/NEF4E)

2.3 AFEBEH#ETTH LIRS ENRE

T 2R, ARG T LIRMBR(F;
=12739.6,P <0.001) \%'\;E}%(Fz,zz =231.752,P <
0.001)RIH BEMEZ R, B 2 FIZL 2 AIAL, 235
TIEATHEBG  E R R KBRS 5 T
CK #4111 106.3% ,50.8% , 3% HIFE L J5 14 5 T X KK B9
VIR ABIERE , I BIE R FeHE B AR chf o T FFAE K
BB RARNES, 5 CKMHELTRE15.0% . T
EIRFCHE TEKHE B P A 7K T R /5 758 SR W R B D 4 #R) Time/min
IESH, 43 BB 87. 0% \7.4% 3. 7% , &EHAB B2 RS LS
BRI R B R & K 43 T RE ) E%%‘&Z—[m A Fig. 2 The characteristic curve of soil infiltration rate under
SCRA 2 R ABERIB T A i (B 2) o different irrigation mode

@ 215 (Horton) A3 f=fi+ (fi-foe"

K, fofo S A A AB R B R BBRMABIE |k AZRKSH

@ ERgKRAK f=at™" +b

Kot BAIRAAB R NBI ], a,b,n ¥IHER S

#2 FREREAXTLIENSTEORENE
Table 2 Models fitting of soil infiltration with pulp and paper wastewater under different irrigation mode

NG

Infiltration rate/(mm-min™")

LWMSH
Measured Horton 5% S5 R SE
Vel 77 parameters Parameters of Horton model Parameters of current model

Irrigation mode /(mm-min-1)

fo fe fo fe k R? a b n R?
CK 4.92 0.54 10.89 0.54 0.09 0.999 77.64 0.11 1.22 0.993
QS 7.42 0.58 9.89 0.67 0.16 0.997 12.72 0.34 0.51 0.996
QF 10.15 1.01 12.88 0.95 0.10 0.996 23.48 0.41 0.24 0.977
FS 4.18 0.56 6.26 0.51 0.15 0.981 8.99 0.31 0.64 0.945

2 PRI RS X BB E i R A AR AR, B E M AR S — SR 300 3 BB, BB EvI A
B RBRALB B, TR LIRS K BB, K ED T I RERT VIR AB B KR v B TR B, BB B
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TBHKFBEEBRES IMENERT, FERBHELR; FEE B RIS, KO EENERATET, T8
RAERRE R R F TR B . SR Horton MRIET £ {7E 0. 51—0. 95 mm-min ", 15 520 B HL S BER L & {H
#£0.09—0.16 Z[A], 5 CK ML k fEHR A, R FEAK JEKERE AV IEA B /N EIR B RO R 455,
BB EERE A IR S o T3E PSS b {H7E 0. 11—0. 41 mm-min ', F/NF XL M B F, S X R
SRR A B R BB RAELEA T, 7T LAE ) Horton HE R4 45 5L H M FH S 72 B #5250 SCIE, % B Horton
AR LA TR R AR L P SR B 1 R B R
2.4 REIGEHET T M IEE KRR

T ZA TR, A FERET T MR MEKE (F,; 5 =52.328,P <0.001) \BEEKE(F,, =22.252,
P <0.05) JEBEEKE(F, 5 =165.062,P <0.001) ¥R W EM R, HER3 AT, 5 CK AL, b
E KB INAE , FINE R FE > B/KMER > FAKER, 25 CK 81 11.5% 4.3% 2.4% , EER
HVE TEKVEME A KE BB EKE L CK 4351380 14.3% .8.8% 8. 0% , X F|F I AFx #7830 F
WK S EIE R A A ST BREEAR . EBEIEBEEKEBZRM, ERRHE EKER . B4 KER S
Fl5E CK 19 2.0.1.6.1. 3 £, X BB 3080 #h R A2 T A3 R R TR /K VR O TH BB , 458 75 25 V% X e T B2 S 7K
SNWAE. HIEEKMERE S AT A K B UIAHSE, Y 00 B K e, £IRE KB, BN ER/DN, har=
HRBET . ARMERHRE/ NN EERSKEEFARE, WER(25.13 £1.31)% , BIEMEKE
5T S KB AN R LR E MK R MR, W KR (F, ,, =46.464 P <
0.001) ERMBE, BAKERE, MEMKEN CK T/ 3. 1%, Mg KR HE B KHER 2 5t CK 3% i
31.5% .10.1% , BEEKES HIERATHI /K& Z 22 R B Y A FE W8 78 1 3R & K, IRV B RO E
B ENEY,AMOEE R (F, 5, =15.181,P <0.001) 574 83 R MG A 2R E B CK 3n
15.7% , i35 K BEWE A K BER A A FRE 1.7% (12.9% o +IEEKMEREM M, B 5 R R FA K Sy
Ra, HIEABEMIRESERYEER R ERRRLR

®3 TRAREFEAXTLHE K

Table 3 Soil water-storage capacity under different irrigation mode

HE 7
e A AR Ehlein RTFEAR G
o . Non-capillary Soil total absorption Soil effective
Irrigation Total water-storage Capillary water-storage . L L
ode Capacity /( t-hm 2 ) Capacity /(t-hm _2) water-storage capacity precipitation precipitation
" pacity pacty /(t+hm~2) /mm /mm
CK 826.8 +20.8¢ 784.6 +40.5C 42.2 £4.5d 41.81 3. 1c¢ 40.19 £3.1b
Qs 918.8 +24.2b 853.3 +10.1B 65.5 +4.6b 46.05 +2.8b 39.50 +3.5be
QF 982.2 +30.5a 897.0 +46. 2A 85.2 +5.2a 55.00 +4.5a 46.48 £4.5a
FS 902.0 +31.5b 847.0 +12.1B 54.9 +4.5¢ 40.51 £3.5¢ 35.01 +4.1¢
3 g

MEA DRI EERAT , HEAK IR T 7K FE 3 o TR A 0 26 o O ot 20 AR B o 2 e R
H T HEBEK 89 pH B8/ T 23t - SR 5 A IR L, TR G A K IR L 7 PR AR 0 T /K R TN 1 B 9 —
RE R REVE A, I B RASCRAR UG58 o FRAE /K HEBEXT 1% 3R B80T b ) - 3 h 7 i U B A — € R AIVE T, 5
RN B, WSS A KA S BRI, X 5 SR S 2 SRR L, X
7 R T R A K EK R ARG IR T, FLBR S R, X S X UNE A TR A KM LR AE
FFLBRBE A28 A — 30 0 LT A KRR R vk FEE AR X A5G A B % 2 % TE Lk A i e
RAFHHE R IREFIEKFE —E LR

KGR HENE TR T XK R iR ABTERE , (B AKEME e HIRRZ A — BRI RE 0 1 3%
G557, X AT BB T HAK A MR ARV R R UUEERZ WA 4R SE XM ITFY RERS Y
JEA Y R R O FEAE DR T A KIS IR R T MR . T LR R AR
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—RERE EREBIRERZ MK B A TR AP, S0 SR I AR, BEIRRK £ BOR R R EOR
Horton 57 J2 i FAZH0 A3 2 PRI S B R B, BE B /G IR BIFR 8 SR A1 45 48, W /K HE L HEA B I
P 1) 128 R B T T T R T P A /KR, O EL PR A K K B M08 sl N B AR B FR AN I R 45 0, AT
R HBEVERE, A TR K HEAT

T IR e T X - SR A A R AL e R R M D 3t A S T T AT I TR Th BE , ELRERB I A7 U A
RIBBEIT AT BI7K 2355 , HUR IR 1 7K BT8R, T 5P — - A 7 R A 0 2 K A8 (AR A A1) B A 380K 2
T RERES , X 5 R BB IR IR A BARZEE SR S, 7R R A AT SC R K HE R 2 A H )5 Pk
FEAEKERMNEEEM Y o GEKRE BRI 95 K1 BT T 2 — A A K, X
ZR M TR R RSCED E R A A T 24 TE L, R R ms i, s T AR (R 1),
WK T PR SR (R 2, 8 2) M IREKRE TR (3R 3) .

4 #Hit

FRAE 7K HE TR T /K HE R L2 1 R HCTE X7 2 SR A Eh 9 B MK SO 7 A S 3 R, O LRGSR DR HE T
KWAFRRRAE BEEZESR

(1) FRAE /KRR TR PR AT 1 /K B X L S B2 359 — 8 IO BV A, F EL R BASCR K U3 3 5 TR /K T
BT R RCR B3, TR A KRR fS L3 & Sh B3 fn 12.8%

(2) TEPRAEHE TE/KRER A K HEBR)G | T B0/, FLBR B K, 4 Bl X 12007 2 b - ek ST B
P ELA B R A B9 B FLBR B 20 51 LR VE MRS i 101. 9% \55. 5% \30. 3% , 3 3K S BB 3%
B R A HE BT, HU s /K HE TR , T 28— P A K R 22

(3) K BB IR FCHEHG 58 T X R /K R0 S AB YERE , (H i T FRA K REBE /G L3R 45 S AP A, e+ 8
A T % s Horton BRI RER AT [ A IR] Ge i 07 U5 7 6 E oKk A Bl .

(4)3 TR 75 S BRI 5 35 0 U3 ANORTE LK 7 B BE T, T IR e E T /K HEE L F- A /K E R A 1AL A
BRI B EARFEBRIEIN 11.5% 4.3% 2. 4% , % MK A B Y A KA UK 2 A7 BE 1 R B N i IR e e
BRAF , FUTE /K HEE , T K RE R B 22

(5) MBS B 3R 980 K SCHTERIE T B I8 7K 43 46 3K SCHE SR 2% 8 , U R AT 36 4K P AR /K HE TR
BT = AN SRR SR I, LAE R ACE O I, K HERAL T — MO S A K R o (HIX BT R
EN RIS, B+ R HXTBEH, BT 458 R B EFAR A S AT BEAF7E —RE 22 5 , TR L BORE A Al S 1 4K
FRAE K TE P 25 TR ER ARl B BT IR AL o SR 1B 75 TR B 133 A W 2 PR R 3R P 35 AR AR B B A2
BETAEFT WHTIRAREIIT
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