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Effects of urbanization and water level elevation on soil nitrogen and phosphorus in the hydro-fluctuation zone of the Three
Gorges Reservoir area. ZOU Cui', WANG Chen-chen?, ZHAO Yang', LIU Yu-ying!, ZHAO Xiao-jun!, ZHU Guang-yu'" (1.Key
Laboratory of the Three Gorges Reservoir Region's Eco—Environment, Ministry of Education, Chongqing University, Chongqing
400045, China; 2.Research Institute of Agricultural Engineering, Chongqing Academy of Agricultural Sciences, Chongqing 401329,
China). China Environmental Science, 2025,45(7): 3832~3842

Abstract: This study analyzed the soils from riparian zones with different water level elevations in the Chongqing metropolitan area.
The effects of soil Fe/Mn minerals and aggregate composition/stability on nitrogen and phosphorus under different urbanization
levels and water level elevations were investigated by methods including wet sieving of aggregates, selective extraction, regression
analysis and structural equation modeling. The results showed that no significant differences in iron and manganese speciation across
urbanization or water level elevation gradients, with the riparian soils mainly composed of free iron oxide and amorphous manganese
oxide. The composition and stability of soil aggregates exhibited significant differences across different urbanization and water level
elevation gradients. The >2mm aggregates and aggregate stability increased with increasing water level elevation, while the
<0.053mm aggregates exhibited an inverse relationship. At 165m water level elevation, county areas exhibited higher proportions of
the >2mm aggregates and greater aggregate stability compared to the metropolitan core. TN and TP were significantly varied in
different urbanized areas, with higher levels observed in the metropolitan core compared to county areas. TN, AN and AP increased
with the increase of aggregate stability in the metropolitan core, whereas TP decreased with the increase of aggregate stability in the
county areas. The content of TN, TP, AN and AP were (756.33+198.27)mg/kg, (399.97+108.25)mg/kg, (27.84+15.58)mg/kg and
(15.03+11.15)mg/kg, respectively. The structural equation modeling results showed that soil pH regulated nitrogen and phosphorus
dynamics in the riparian zone mainly by influencing the speciation of Fe, Mn minerals and the stability of the aggregates. In
conclusion, the risks of nitrogen and phosphorus pollution in the metropolitan core are higher than that in the county areas, whereas
water level elevation exhibited no significant impact on the pollution across the study area. Stabilized soil aggregates and Fe, Mn
oxides can effectively immobilize nitrogen and phosphorus, thereby mitigating water pollution risks.

Key words: water level fluctuation zone; urbanization; soil aggregates; soil iron and manganese; soil nitrogen and phosphorus
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(7 22%) 20 3, 8 T HA 2= KU v A=Ak, DU 28 4y
B N R 7R Vil A PR 16~19°C A P K &
1000~1800mm, H: H1 4> 4F 80% [ FA/K & A= 45 4~10 .
IR B, R IR T L A 30m,
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Table 1 Urbanization level of sampling points
o UNEE i3 WELER GDP VIESY T
PR 5 . . .
(A /km?) (%) ({¢55) (e on)
K 3514.56 97.80 338.89 1.80
i 28782.61 100.00 1560.91 0.00
ik 4004.98 99.40 1602.76 1.84
K 601.69 71.27 918.63 98.27
bR 7 397.93 73.36 1504.37 139.58
A 204.45 51.03 391.17 86.90
Ef1 J— N
A TR
—_— SRR AR R ‘
| e o K B BALI
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30°0'0"N
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Fig.1 Distribution of the sampling points
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pH 8K B A R 5, /K EE Ry 1:2.5(g/mL); BH 5 1
A i (CEC) R H =AM N R B HR IR -6 61
1£(HI889-2017)M & ; -+ IEAE it S B (SOC) « L A(TN)
T EAF H JC E 4 M (Elementa, Italy)ill 52, [A 14
PH R S5 B6:, WEA T R 22 B T LB T Ak B 5 1k
(TP:RH HaSO4~Ho0, T A VEMAT AL 3, S AH B L
VLD E A U (AP) K FH IR R A AN 52— H B o)
TG EEVEIN R 3 5 (AN T g s il 2

TP AR B T BE T X AN [ Ak 24 5 5 A 1Y)
R ARIEATHR S SRR A WA R AN - SR R
(DH)IRFHL T 25 A2k AR E A Y M ARSI iE
VA R A — R R N - T BR A B (DCB ) 1 1 A T 4
HUAN 25 | N OB B 05t > FH 26 IR 48 i (HHD) X 771 2 HY
TR A MY, HH A 80 SRR AL 1 T8

108°0'0"E  109°0'0"E  110°0'0"E

BLAR ;R A i R ik (PP W 3R U Bl & R 4% &
Ak BRI PP R AR 54 5 TR 2
i, T P TR Ak 4 B 4Ly P2 ) Bkl
WO T RRE 0.5g HIERESD 3 40,20 BN 30mL
WREN 57 4mmol/L [13% AR PR AN (pH=3~4),
0.25mol/L ) Eh IV (pH=3)F1 0.1mol/L )£
RNV (pH=10),¥%3% 16h Ji7 LA 5000r/min (1) %
B0 Th BEE ST 0.22um )2 e g4 T
PR IR 3 ARG FIIEREEAT 20 M5 FRE JE K
FH IR 5 55 B TR RSO 15 {X (Genesis ICP-OES,
Spectro analytical Instruments GmbH, Kleve,
Germany) & # LS. B &&=, Pl Ko
238.204nm, ffi I KA 257.610nm.
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0.25~0.5 F1<0.25mm [ N UBAS 2 1 1 3 44 FR
IS B G A SR AR P o 4 L O A s T
TRITAR AL SRS 2 T AR AR AL LI L ) S0g
HREE TR 2, 1, 0.5, 0.25, 0.053mm (K
i b 23 10min, J& 2l 12 445 HT AL (XDB0601), LA
N 3em #EME. 30 Y/min FISZEE T 30min. 7y 5
H>2, 1~2, 0.5~1, 0.25~0.5, 0.053~0.25 H1<0.053mm
KT A R AR, 2 60 CHET-FRE 5 vF 55 H 4% 4 A
FARPT b7 E 23 B AR RE R E 2 IR

AR 5 A 7 2 00 1) K R SR A2 s R o
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MWD=2 (1.2)
m
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Xm, J>0.25mm 7K AR e E K FH 28 4 1) T
g m NRER R TR, g X, N ORI EAR,
mm; n AT B m A R AR AR
HLgw N EANT X BT g Xna AR
g AR ELAR mm. L T2 T4 E(D) R i 5
Fift 2 0.05mm, Kt % & /N T 0.05mm ¥tk
1.4 HdEiir

FIFH 5 2243 A R i - 3 B R . T SR AR R
Bk BRAE A TR KAV TR R RIAN [ SRl o5 2 T 0 25 5,
SR G T B /N 8 35 Pk 22 S (LSD)HEAT S J5 K 36, Yl 35
IKFh P<0.05;3 % Spearman AH 5 ME A%t -+ 45 R
Ve R AR e YEA S AR i A e
HEAT A3 BT R 4 P [ s P SR At S 1) 5 i
BT DA IS TE A, 5 45 AH DG 23 A A E] U 43 BT 1)
gh L PR pH {H. CEC. #:. %W, R
EPE. SOC yHASHE, TN, AN, TP. AP NK4%
R, W S ) R IR T 3 A R AL A -9t A Y
SHOIATAG T AR B PA 88 (chisq. df. gfis

rmsea. srmr) X FEATHLAL, A
S R ] 1 B RN )
B EAT Ge vl 43 B - B

2 HRE5SH

AT RAEL AR,

Mk &R K R4.2.3

LSA
o

2.1
Al

WK 2 PR, g 3 TN 5808 (756.33+
198.27)mg/kg, TP 5 & 4(399.97+108.25)mg/kg, AN
& B b (27.84+15.58) mg/kg, AP % b (15.03
11.15)mg/kg. K-W 356 (1) 45 R W, &5 b5 70 A [F]
e B R AN T DXl b i A O W 3 R 2 e A |
Wilcoxon #5561 485 SRR W], E Ik ) TN 1 TP 22 5
T X B(P<0.05). 78 LI A X B E & Fa bR 05 553
Jy: TN(831.04£201.61), (665.52+159.05)mg/kg; TP
(436.53+76.54), (338.60+112.63)mg/kg; AN(29.98+
17.23), (33.13+25.94)mg/kg; AP(15.96+11.36), (14.11+
11.19)mg/kg.
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Fig.2 Distribution of TN, TP, AN and AP in the hydro—fluctuation zone of the Three Gorges Reservoir area
*FoR BEVEZES P<0.05

R 2 T, v 358 pH {E 4 (8.19+0.42),3
PR 99 ; BD A(1.40+0.15)g/cm’, T HE 4k FAH
B2 SWC A (21.22%+10.60%), X E {1 75 7K 2 i
F e T Ik, LY B R R T 2 2 ek b (P<0.05);
CEC 4(7.88+5.09)cmol /L, +- 3% HLAF — & B AE ) Al
TR FFRE ) AR SO RIS AT PR SOM

3(30.13+11.97)mg/g. pH {ti. BD. CEC il SOM 7£
ANTR) X 3k b 35 0 S 3 1 2 S R SR X L A
2399k :;pH(8.15+0.47), (8.22+0.38); BD (1.38+0.18),
(1.41£0.10)g/cm’; SWC(15.90%+10.14%), (26.55%=
8.28%); CEC(8.28+5.95), (7.49+ 4.20)cmol’/L; SOM
(30.54+£12.50), (29.72+11.77) mg/g.
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Table 2 Distribution of soil physicochemical properties in the hydro—fluctuation zone of the Three Gorges Reservoir area
RAE [X 45k pH i AT BD(g/lem’)  HKHE SWC(%)  BHEI TAS# R CEC (emol'/L)  HIEA KT SOM (mg/g)
155m EE) 8.16+0.30 1.38+0.14 28.35+6.14 7.07+3.72 26.95+8.69
Xt 8.09+0.35 1.38+0.03 34.05+2.86 5.9242.85 29.70+11.33
165m EE) 8.28+0.43 1.39+0.28 11.73+2.96b 7.15+4.54 29.77+13.15
X 5 8.39+0.39 1.36+0.01 26.02+9.65a 6.8745.06 27.83+11.32
175m Tk 8.01+0.67 1.38+0.17 7.62+3.74b 10.62+8.72 34.92+15.61
X 8.18+0.39 1.49+0.15 19.57+2.38a 9.68+4.13 31.62+14.35
ik J_J;UE 8.15+0.47 1.38+0.18 15.90+10.14b 8.28+5.95 30.54+12.50
X 8.22+0.38 1.41+0.10 26.55+8.28a 7.4944.20 29.72+11.77

NG FRERORAN R R B 225, P<0.05.

2.2 PR DX I T AR AN [R) A e R Ik
=Ry linbe Al

WK 3 fros, 77 Z o i R ARTES . S
EATE B3 2 7 (P<0.05),2 & =X U4 DH>HH>
PP 4 & # £ I 4 HH>DH>PP.DH. PP 1 HH fi#¢
HOR Bk & 4y 9k (6.74+2.01),(0.78+0.31) Al

(0.08+0.03) mg/g;$EH K1 4R 7 5 73531 24 (0.15+0.09),

=)

=

(a) AN T ALK AL e R PR R ER 2

(0.33+0.14) F1(0.02+0.01)mg/g. LA - &5 5 % W i 2
BEAERATG 8 A& AR AR e X 317+
erp b FZEHAT.3 PR BOGIHE IR BY E AR
AN [R] g R S AR D3 1 34 TG S 3 O S A
R X B 35 B R R 5 23 il A (8.13+2.01) A (7.83+
2.48)mg/g; $& B[ &f & & 43 i 4 (0.50+0.15) Al
(0.55+0.26)mg/g.

(b) ANTFI k3 AR A e FE SR IR 5 i
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Fig.3 Distribution of iron and manganese oxides in the hydro—fluctuation zone of the Three Gorges Reservoir area

2.3 R DIk T A IAN [ A v R 3 A1 3R
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/IN T 28 44 (0.25~2mm), 1 [4] 2% 44 (0.053~0.25mm) il
Y ERLZH 23(<0.053mm). 414 3 s, 7 2k
g PR DXV T A b T R AR SR AR 2 TR A AR
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7 51 (P<0.05), I A /I B S AR K Rlbs ~ o 141 R A4
>R ARG T2 L 3 R (R 5 ) o348 L
B A~ R oR), 2ot B A 4 0 8 (23.91%~
62.24%), (3.08%~62.15%), (4.56%~62.01%) Al
(0.12%~65.66%),2J(H A 40.55%, 26.86%, 21.95%F
10.64%. — U5 22 X 71 V& iy 38 [ AR 42 41 1l LA /DS
PR A4(0.25~2mm) 4 32 7E 165m R4k 1, K12
P BRI DX EL 3 T I (P<0.05). B AR AEA
[) DX 3L G J8 3 P 2 e, T i R DX B v A - 4
TR AR S 1) LU AR 3 0l R K T SR A4(0.12%~
65.66%), (0.14%~51.49%); /I Hl % & (23.91%~
62.24%), (26.04%~61.52%); ik 4 & & (4.56%~
34.93%), (8.05%~62.01%); ¥ % ki (3.08%~62.15%),
(5.80%~38.36%), HALMH 1y K H1 2R A4 7.40%, 13.86%;
/INBIZRE A 42.16%, 38.94%; 1 1415 14 18.48%, 25.41%;
WKL 31.96%, 21.76%. FIERAARIARLEAN R KA 5

T EAEAE Bk 22 S I K B S AR Bt 7K A v
(100184 T Ak 5 15 0, T A R R 2 S8 2% FIK(P<0.05).

Wik 3 PR, TR A BARRE E PEFRFR T Roos /T
(24.71%~92.36%), MWD /1 1-(0.27~2.54), GMD /T
(0.12~1.79), D A~T(3.00~3.02),ME 5351k 51.19%,
0.72,0.37,3.01.7F 165m [1JifF4k -, MWD, GMD i
HIXCE 2 T R (P<0.05) B AR LEAN ] X 81
b 2V 2 S, ORI DX L VR Y e T SR AR 1k
Roas H(24.71%~92.36%), (27.69%~ 84.67%); MWD
4(0.27~2.54),(0.27~2.12); GMD 4(0.12~1.79),(0.17~
1.26); D 4(3.00~3.02), (3.01~3.02), ¥ {E:Roos A
49.56%, 52.83%; MWD 4 0.61, 0.82; GMD 4 0.33,
0.41; D & 3.01, 3.01, W% X EL B ISR A £ b 3=
I B TR A SR ARG A AR W T AN IR KA e
AEAE R MEZE 71(P<0.05), 29 Ry MWD Fl GMD
BE KA R R BG I0 S 2 B9 0D [ 2 (P<0.05).

*3 ZIREXEETLREARMRERIZE LS FEHE

Table 3 Distribution of soil aggregate size and stability in the hydro—fluctuation zone of the Three Gorges Reservoir area

REEA X4 >2mm 0.25~2mm__ 0.053~0.25mm__ <0.053mm Ro2s MWD GMD D
155m T4k 2.06+1.91 45.94+8.62 20.04+£2.09  31.95+10.84 48.00+10.43 0.45+0.12 0.24+0.07 3.01+0.00
X 1.07+0.81 44.7549.82  24.43+£10.16  29.75+7.08  45.82+10.20 0.39+0.08 0.22+0.04 3.01+0.00
165m EE 3.2846.45b  38.75+9.99  20.0349.78  37.94+17.62 42.03+14.10  0.43+026b  0.21+£0.10b  3.010.00
Xt 16.10+7.66a  32.97+6.35  24.75+12.48 26.18+11.21 49.07+2.44 0.84+0.24a 0.31+0.04a 3.01+0.00
175m EEe 16.86+24.44  41.79+14.08 15.38+8.80  25.98+£19.98 58.65+22.94 0.95+0.82 0.55+0.63 3.01+0.01
Xt 24.49420.60b 39.10+£10.64a 27.05426.87  9.36+2.84b  63.59+27.46 1.24+0.78a 0.70+0.42a 3.01+0.00
etk EEe 7.40+15.38  42.16+10.89 18.48+7.57 31.96+16.39a 49.56+17.18 0.61+0.53 0.33+0.38 3.01+0.00
X L 13.89+£15.55  38.9449.90  25.41+£17.03 21.76+11.74b 52.83+17.81 0.82+0.57 0.41+0.32 3.01+0.00

VNG TR R A L I 3 FE % 5, P<0.05.
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Table 4 Correlation analysis of nitrogen, phosphorus, aggregate stability, iron and manganese in the hydro—fluctuation zone of the

Three Gorges Reservoir area

ZH iH TP AN AP MWD GMD D DH_Fe HH Mn
LIPS 14 0.182 0.622%** 0.491% 0.355% 0.291 0.233 0.647%%*%  0.656%**

TN X1 0.325 0.742% % 0.366 0.292 0.220 -0.028 0.575* 0.591*

X M -0.165 0.582* 0.414 0.637** 0.595* 0.410 0319 0.668** 0.787*%*

LIPEXA -0.070 0.163 -0.250 -0.243 0.169 -0.140 -0.312

TP T 0.097 0.118 -0.178 -0.135 -0.003 -0.205 -0.225

=5y -0.234 0.173 0.409 -0.331 0.330 -0.236 -0.404

NIET 14 0.487%* 0.459%* 0.463%* 0.411%* -0.127 0.533%%*  (.596%**

AN T 0.819%** 0.476* 0.384 -0.130 0.769%** 0.614%*
=5y 0.146 0.447 0.335 -0.043 0.357 0.507*

NIEE 14 0.194 0.133 0.118 0.360* 0.393*

AP T 0.447 0.422 -0.354 0.517* 0.340

X L -0.100 -0.193 0.488* 0.098 0.292

NIEF 14 0.883%** 0.902%**  —0.616%** 0.436%* 0.317

Roas T4k 0.930%**  0988***  —(0,903%** 0.461 0.053
X 0.926%**  (,868%** -0.325 0.554* 0.453

AHIEFRAL 0.933%*%%  —0.482%* 0.475%* 0.388*

MWD FI 0.953%**  —0.765%** 0.521% 0.201
X I 0.926%** -0.253 0.604%* 0.523*

A FRAL ~0.719%** 0.435% 0.198

GMD EEE —0.884%** 0.470 0.051
X -0.498* 0.381 0.224

AHIEFRAL 0.087 0.248

D Tk -0.148 0.251

Xt 0.181 0.360

IR FREL 0.753%%%*

DH_Fe Tk 0.723 %%
X L 0.827%**

T *RIRP<0.05, **KIRP<0.01, ***K 7K P<0.001.
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Fig.4 Linear regression analysis of TN, TP, AN, AP and the aggregate stability in the hydro—fluctuation zone of the Three Gorges

Reservoir area
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Fig.5 The structural equation model explains the influence mechanism of TN, TP, AN and AP in in the hydro—fluctuation zone of

the Three Gorges Reservoir area
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