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Abstract

Effects of Alternative Water Sources for Agricultural Irrigation (e.g., Reclaimed Water, Domestic
Wastewater) on Soil Physical Properties: A Meta-Analysis. This study employs a Meta-analytical ap-
proach to systematically evaluate the impact of wastewater irrigation on key soil physical proper-
ties, including soil particle size distribution, porosity, water content, field capacity, and bulk density.
The research aims to elucidate the underlying mechanisms of influence associated with different
water quality parameters (such as pH, electrical conductivity [EC], total dissolved solids [TDS], and
suspended solids [SS]) and types of wastewater. Data from 286 observations across 48 experimental
sites worldwide, as reported in 52 publications, were synthesized. Using freshwater irrigation as
the control, the response ratio (RR) was calculated via a random-effects model, supplemented by
subgroup analysis to examine the regulatory roles of water quality factors and wastewater types on
soil physical properties at varying depths. The results indicate that irrigation with wastewater
within a neutral to slightly alkaline pH range and with elevated suspended solids concentrations
(>100 mg-L-1) enhances soil porosity and water-holding capacity. When the irrigation water elec-
trical conductivity ranges from 700 to 3000 uS-cm-1, the overall improvement in soil physical prop-
erties is more pronounced, manifesting as increased soil porosity, water content, and field capacity,
alongside a reduction in soil bulk density. However, due to limited sample size, the quantitative im-
pact range of total dissolved solids on soil physical properties remains unclear. Beyond water quality
parameters, the type of wastewater also significantly affects soil physical properties. Wastewater with
lower pollutant loads, such as reclaimed water and municipal wastewater, contributes to improved
pore structure, enhanced soil water retention capacity, and decreased bulk density. In contrast, irriga-
tion with domestic wastewater adversely affects soil physical properties. Furthermore, the impact of
wastewater irrigation exhibits significant spatial heterogeneity and parameter dependency. Overall,
compared to freshwater irrigation, wastewater irrigation increases the water content of surface soil
(0~10 cm) by 12.92%, raises porosity by 2.62% to 4.31%, and reduces bulk density by 1.01%. However,
it decreases the water content of deeper soil layers (60~70 cm) by 28.01% and reduces field capacity
by 11.68%. Further Meta-analytic research indicates that irrigation utilizing wastewater with specific
water quality parameters—namely a pH range of 7.0~8.0, electrical conductivity (EC) of 1000~2000
puS-cm-1, and suspended solids (SS) concentration of 100~150 mg-L-1—can effectively enhance soil
physical structure and improve water retention capacity. This defined range of water quality parame-
ters provides a scientific basis for developing precision irrigation strategies aimed at soil health preser-
vation. Furthermore, it offers critical guidance for establishing corresponding treatment standards for
wastewater intended for agricultural irrigation use.

Keywords

Wastewater, Irrigation, Soil Physical Properties, Meta-Analysis

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0

1. 5|8
SRR RTES SR A 2P D mg, T2, ET SR s KR Ea s AR H[]. &k

DOI: 10.12677/aep.2026.163036 345 RS ORI AT


https://doi.org/10.12677/aep.2026.163036
http://creativecommons.org/licenses/by/4.0/

mE %

FEIRIKTHFER R IIFRTT, MEMEF KL TR P G+ 40 38 . 15 K nl /B N B B S ARKIR, K H b3 5 A
TANRERE, REARAKTIRIE ST AR TG IR G 2R 2]. 15 RKEBRIE R E . BB, DL
HIF S5 VU BF R O A )2 S [3]-[5]. 2012 4, BAA ERRAR AL ZU(FAO) T P AR K HEBE 51 4 BT 7K FE ML
B 75 R KA SEPUK AR — R RI A, BERR LR KIR, B A B WSS, AT
MBI E ALK (FEREERZ, SRKTRIESI, GRS EEE. FAEAENIG Y
DA e [ AR S5 B 2% A3 6] o IR RS B 43 E N - SBE-AE M) R G5, T REXT LI AR 2 R G A R P AR TR SR [ 7] o

SR R (AN 5 A FLIBR K R AE ) 2 4 R SR T e SR A (i R A K I Sk, 00 R HIRIE A
FEKEEII WRAKE « WAEYIEE RIS RIT R, HOm A A0 A VP T 58 T RS (1 G BEHB AR [8]. K
VT [ A (SS)TE L3k RFA AT REIHFE LI, FEMAIE S 5K TR . HE AR, TS RK P AN
FFL R A B T o TR IR A, PRI RIEREKRE I [9]. HEWEK B EL 2 (DAL R 28 EC BRI R 1] 44
TDS RAE) AT T i L VA% He , 7E 5 PIIR 7K B8 77 6 [ Bt mT R 50 -39 (A1 SR A AR 1 S ALBR &5 4
AR H, ST AR RS ECLENOR B, B SRR e, BRI SR g A . FLIRE
FUKI NBR T, &l IR A[10]. pH (@ 45 i vk R L 5 28 T IR S Mk, 7
M JURE (1) SR AR 5 20 B W pHL B BN 2% 1R 50 3 B S5 MR | WS Bk o NIBBE T T B o 1K BE 52 1)
J7 1) 5 50 B 52 22 A D R A, BT R AKOK R (03 . IR P L SAR) R 38 07 AN (i K 541 R)
ST (5 M R AR R AL ) DA S S A S o SR, A AL R R TR X E A R AT, e
A= HELHE, WEhZ Kot B EARILZEE VRN, DUAHRTS K HERERT T3 E A R (v A K
R, ONE, BIRERRE ) SRR L H O R R . Bk, R R A RS CA ML SR
W, RIAE F .

Meta 7 #7H& — il i B & 22 MOS0 S8 15 R 45 1 g it v, BIE IR — TR R, 4=
FEATF RN R AT L[ 11]. FEABFHEE RN, EREMBEEEIE, NG SRR, IIFE i
Ffe T BRI OCHEIE Y . WA TR Meta 73BT B BLHEOR, ST BN /00T, K0k SR AE R o0 A
THE, BEYNAEZE T ECRIR, NN TR R, MORARRE ST, RA R mEEERE. N
Uk, AHEFOR R Meta 2381578, DAEKHEBE A IR, RGEVPAb S R /K HE LS 33 H v R 1) A BRIk 5
WAl s 3@ S0 53 AT — 2D ER T EE K IS K B B 3U(EC TDS pH A1 SSYXFRUNAR 1IFEmA, LA IR
J5 SRR AR (U -39 KR L LR L 25 S ) (R B 22 57, SRR A ARAL R VS PR KK I S 4L
DA A R 7KV R (R 2 B S ) SR A 3

2. ik
2.1. BEERIR

AW FEHERIET Web of Science % ¥ & Al p [E 51 W (https:/www.cnki.net/) 5 FE G R, U T H
1983 4F 7 H 2 HZ 2025 4 9 H 1 HEWAMAFF R R MI & T15 KRR AT SCHR & # A0 50, B9
WA PR 52 T35 IR /K E R AE I 55 5 AR ML ATk i) 87 L AE 9, 7 Ai 78 3 B v o A AR AR v . S AU H

M, JESCKE R ICHR A1 B N “irrigat*” and “wastewater” or “sewage” or “effluent*” or “reclaimed” or

1 1

“eutrophications” or “soil physical property” or “soil density” or “porosity” or “water content” or “soil
moisture content” N HIGRLA G T KRR E A “WEM” and “T57K” or “IE/K” or “FAIK” or
CEEFM” and “YHEYER” or “ LIEEE” or “ LIERE” or “FLIRE” or “RifR” or “FHKEK” or “+
K or “ LBOKFHEMZE” o DAL i B B0 e . DAV /KR AR B0 REZH, AN (RIS R /K E I A Ak 2R
M, FEARCTCRE B@rE . @4 WG s, AEEA. R EsS). KN EER 7. fiid
Y. R AR BEBTT 0. KBUE RS EAKER, HKK pH. BS3% EC. VM f4

DOI: 10.12677/aep.2026.163036 346 N RI R Y


https://doi.org/10.12677/aep.2026.163036
https://www.cnki.net/

mE %

TDS. 2% SS). T35 B (KA, 14 pH. B EHK EC. W IktL SAR. LB SOC. FE. &
FLBREE . BE LB /K& R, HIAIREKESE) . JFHET LU AFRERE — Dk SOk (1) K
6 A 3 0 250 [ B 6, 1595 PR K RIS 7K R AL 3 s (2) 50 202 H [R) R 560 B AR Bl AR EE s (3) B b4t
ST EINACEL: (4) RIGEHEZIRBNA DT 3 K (5) Bidls 205 A LB IE AR ) 1 350 (6)
A RAE R — 00 b R AT B AN [FIRIE 7 It T 2, D ask FH s 8] e K it e« (7). ASRUR ik
(R 1E]— B HE RN 1K (8) — R SR B S AN FR A H IR S5 3, 80 F e 2 RIS TR) AP B8R
FRHE IR SR LA R 616 F SCik, HrPAsC 320 5. HE5C 296 Ko A TYINFRUERE— DTk,
33 52 fcik, 30 R 022 5. HRAEIX 52 R SCHREERL Y 286 SR HUE . 8484 M AT HK
PP AE IR 48 DT AL, WFFOEEE SO I A SO RS . SORRIE B R A Getdata
Graph Digitizer (http://www.getdatagraph-digitizer.com/index.php) 3K {4 IR A FREL o 44 R AE 1036 o 110 h 2 A
FR(WGS 1984 HFEALAR R)EATAR AL, BJS7E ArcMap10.2 ~F & Hididl “Display XY Data” IhfgH
LA AR R B SR i ROt S R AT A (TR, A SR AU B O A R AE I 1
o TE TR R SCHER A SR SR B S5 AN K B AR DG AR B (KA L AEAR B ARIRR AR AR 22, TS SD=
SE x n%3 (n AFEA &) B bR v % (standard error, SE)4% 4k AbnifE % (standard deviation, SD); 2 JR 4h 1K
BRI, RIS HARHE ZBbs i, HEIRERESHOCT 3, WA FHMER 10%K 4 v14H

IS ff) SD fE .
10°0/0" 4% 30°010" 7% 50°010" 7% 70°0:0" 7% 90°0:0" 7% 110°0'0" 7% 130°0'0" %%

A9 | | | | L | | | i L | A9
ha Pk 4 e = = 3 =
= it S = ' R =
=) - - 2
S - 2
~ ~

A i
29 ;; * K&
AN 4 e
af 4 s
& g
(=3 K =3
- ‘ * o -

4 % * Lo e -

| * K ok Cx
= x. *x W "';*"}; ,,,,, e
2 Ng A : * 2
*x & o
. 4 ™ Tk B
wa > 5

| i it B
& - Z
=1 7z =
= : =}

7 ) wF e S Study site ) =
=2 | ©
g 00" 00" 00 7000 T 90000k | L1000 R | 13000 A S
= 10°0'0" 4% 30°0'0" 7% 50°0'0" 7% 70°0'0" 7% 90°0'0" 7% 110°0'0" %< 130°00"% <

Figure 1. Distribution map of wastewater irrigation experimental sites

1. SRAGERINIE R 51

DOI: 10.12677/aep.2026.163036 347 N RI R Y


https://doi.org/10.12677/aep.2026.163036
http://www.getdatagraph-digitizer.com/index.php

mE %

2.2. RS E

IbAh, ARWF5TIEEL EC TDS. pH A1 SS A% QoK IR R AT 704« EZESHRECA E AR ZH 2R (Water
quality for agriculture FAO Irrigation and Drainage Paper No. 29, Rev.1) #IZIFAMA R, IK$EEDI ThE.
TEBEVESE N Z N EC. pH. TDS #E47 KU S5 2001 70 S BME IR & . B2 ER(SS)FRFFZ I (R K
Jiibs#E GB 5084-2021) BEAT/r4H. FAKSHEPHRAE 1. CHERERIRE BOKRBL S A5 K.
FAKS BOK . FREAIEK S BRRIK . FLIIA K TS PR, IGAREK . BE K. HIREK, B8
TR BB IR IRE TS K(EAIK + SRR T BUS K (TG 7K + TAEK).

Table 1. Classification of water quality parameters for sewage and wastewater
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Figure 2. The effect of sewage and wastewater irrigation on soil particle size (values in parentheses on the vertical axis repre-
sent sample size)
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Figure 3. The effect of sewage and wastewater irrigation on soil porosity (the values in parentheses on the vertical axis repre-
sent the sample size)
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=49), diRENRME, FIEFLBERRTE T 2.09%. 10427575 7K 53 AR FLIR R 3.28%. Hoax =Fhig K
REIER K BEIIK BN 95%E A5 X 8355 L MZGINAE = 0)MH%, FHIHX HIEALER
R S5 KAEG I LR REZER . ARG R KFEB I FL IR R 5 22 5 T oK B .
A g TG ARG B far (1 4), FLRTR A 2 S FEFL BRI G RO RN 15]; AHEs 1 B S B 5 1 TR
SYBL, ANRURLIT R% 3 2E KLY BEUE S5 M T O 2 45 M 16]s T s A AL 51 R AEY) =i 3, Il AE
Vst 55, PRI R[17]. MKk, FEAKRTES K ARBARNE 4), Befest F R R
AR SRS RI[18]. Meta 20 AT o (1 5(a)), FRARZKANT UG K AT 25 38 R 3ea LT, A L5
B FLBRZ A R E R THER (K 3(h). EAEKE S AERGEAN, ENMAEIIE, HABY6e
Jregh LR, SR SRR e, T FRACA B B S LB AR K e J1[19].

1000 500
*
*
800 400
g" 600+ . gﬂ 3001
8 4001 & 200- L]
|} - -] R
2001 % 100+ /
a7 o B2
EREIEK BEAK  WBISK EEEK EREEK BEAEK WBIESK E4UEK
8007 350
* —_—
3001
600 250
T = = 900
£400 £
7 5 150] [ |
200 1007 \\\\\\\\\:
e N DN
01— — . : 01 . — .
ETEEK BAEK WBUSK EREK AETETEK BAK MHBEK

Figure 4. Comparison of COD, BOD, SS, and Na* concentration box plots in domestic sewage, recycled water, municipal
sewage, and papermaking wastewater
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Figure 5. The impact of sewage and wastewater irrigation on soil SOC (values in parentheses on the vertical axis represent
sample size)
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Figure 6. The influence of different types of sewage and wastewater on soil moisture content at different depths (the values in
parentheses on the vertical axis represent the sample size)
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Figure 7. The impact of sewage and wastewater irrigation on soil field water holding capacity (values in parentheses on the
vertical axis represent sample size)
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Figure 8. The effect of sewage and wastewater irrigation on soil bulk density (values in parentheses on the vertical axis rep-

resent sample size)
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Figure 9. The effect of pH, EC, and SS in wastewater on soil physical properties (The values in parentheses on the vertical
axis represent the sample size)
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