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Abstract: Phosphorus is an important element of the wetland and agricultural ecosystems, and great attention has been paid
to the movement and transformation of phosphorus speciation in soils. The Hani terrace, which is located in Yunnan, a
province in southwest China, is unique with its typical mountainous landscape of forests, villages, man-made paddy
wetlands and rivers. The aim of the research was to investigate the spatiotemporal distribution of various forms of phosphorus
in the soils of Hani terrace wetland and find out its influencing factors. In view of that, this paper conducted a
comprehensive analysis of the forms of phosphorus in the soils collected at different altitudes ( the upper, middle, and lower
terrace areas) and depths (0—20 cm, 20—40 cm, 40—60 cm, 60—80 cm) in the growing, harvest and fallow periods of
paddy, respectively. The results indicated that (1) in the soils of Hani terrace wetland, the average content value of total

phosphorus (TP) was 318.74 mg/kg and reached its peak in the harvest period. The average content value of inorganic
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phosphorus (IP) was the highest in the fallow period (85.95 mg/kg), generally presenting a deficiency of phosphorus in
the wetland soils. (2) due to the impact of exogenous phosphorus input, iron/aluminum-bound phosphorus ( NaOH-P )
made up the largest part of IP and showed significant seasonal differences as regards its content ( P<0.05). Whereas, the
content of calcium-bound phosphorus ( HCI-P) had no significant difference in each season (P>0.05) , which was related
to the ecological environment and geological background of the wetland. (3) Hani terrace wetland could intercept the
movement of phosphorus, manifested in that the contents of various forms of phosphorus were generally higher in the upper
terrace area and decreased with the decrease of altitude. In vertical soil profiles, the enrichment of phosphorus in different
forms occurred in the 20—40 cm soil layer. (4) all the forms of phosphorus, except HCI-P, were negatively correlated with
soil particle size in different soil layers. The TP and organic phosphorus ( OP) were positively correlated with pH in
different soil layers. There was significant negative correlation between soil total organic carbon (TOC) and different forms
of phosphorus during the harvest period ( P<0.05). Based on the findings summarized above, the research showed that the
stereoscopic spatial structure of Hani terrace wetland and human activities could influence phosphorus distribution and

cycling in the wetland ecosystem, which could provide a reference for the sustainable development of terrace wetlands.

Key Words: Hani terrace; wetland; soil; forms of phosphorus; spatiotemporal distribution
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Fig.1 The stereoscopic spatial structure of Hani terrace
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Fig.2 Sampling points in the study
U: b #4% HERAE S The upper terrace sampling point; M: H#AH HISRAE 45 The middle terrace sampling point; L: T #5345 R A¥ 55 The lower

terrace sampling point
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1.3 5trik
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MR 2B R Bk IR ER , JH 0.5 mol/L 1Y ( NaPO, ) (WA 43 HOR A B 75 A b 40 8, e e EALINE 380y~
Ypkidt ; 3 pH i &30 pH X (Starter3100, £ [E) %€ , 7K £ R 2.5:1,

I P A S R T RN B R S 23 e 0 SMT B 1) 422 IR SMT 1 il 4 38 b Bl (TP ) 20
FHALBE(OP) FITCHLEE (IP) 1P M A4 MEREAR 4SS A W (NaOH-P ) FIE545 & A (HCI-P) , EZRECEE N .
PRI 0.02 g +4ERE S, FH 1 mol/L 9 NaOH iAW IR 16 h 5, BU VSN A 3.5 mol/L #) HCl ¥k, ¥ E
16 hJ5 FARSEPT /60 BE 1k I 7 2 B i i vk B2, 75 1) NaOH-P % & 3 % NaOH-P $2 HUS #9 1 38 5% i H
1 mol/L#Y NaCl MRS 2 W, FHIMA 1 mol/L 1 HCL ¥R 16 h, JHFHERL /3 000 FE I e $ HU v i il
W 455 HCI-P &% & ,1P % &~ NaOH-P 5 HCI-P & &2 Fl; R 0.02 ¢ HHEE TZEH I, A 5 3f 4
450°CHIBE 3 h B EE A 3.5 mol/L i HCL §%3% 16 h, FHARBA T4 66 BE Beill 2 $2 U P o sk B, 4531 TP
i, R TP 5 1P 22 (AR o Y,

1.4 FdEgeitor

fgi 11 SPSS 26.0 il Origin 2021 A AT EIE G Hr FIEDE 23 . Geit T BRALAE bR A & 2 1Y 5 KA
/MBS A ge i i B A R e A I +hn e 22 . T 5 28 70 A i B0AS W] IRF 30 19 + 38wl 35 1
(22 Sk R S 2 B 75 3] A+ SR B AL 5 A5 5 AN R 25 0 22 () B9 AR G Pk, SO B 25 10 2 18] 43 A 1R
ArcGIS 10.2 HEATHR{ES 2],

2 ZHREHS

2.1 e R H M AN R AS B i i 2 A AR AR

Wy JE A HE T 45 A3 - R R B 2 & i A AR E RN AN 3R 1 B . I e B b 1= 358 TP F1 OP %
EIE ST A 318.74 mg/kg 1 249.00 mg/kg, £ B A& R /N E BRI (11 7)) >IKIFE (4 7)) >4 K
(6 1) AR W SR 38 TP F1 OP & S ¥FF7E B 3 25 57 (P<0.05) ARG ik 4 85 A 55 43 o3 B br v
ARG JE A6 FH I A+ Sl B R 2B RS 1P NaOH-P I HCL-P 5t A R PR > A= < > 03k 01 1P 7k
PRI AR bR B 5 P34 R, Jie /MR 21.80 mg/kg, i K AE A 309.38 mg/kg, BIME M 85.95 mg/kg, WK1
B/, R 45.73 mg/ kg, WOHRIH 5 HA IS 22 5 1k 1 25 (P<0.05) , NaOH-P & 7 1P L E K, BER [ 28 675
BN AR ROl 2.85—305.22 mg/kg, 4 BF AR L 5 TP Bk —2, A 2 R0 B (P<0.05)
FLEE G (HCL-P) F it 44 6.33 mg/kg, i TP HH 1.8% ; HCI-P 7EA [R] B 109 2% 1k 22 S5 AN 1 3 (P>
0.05), ANRBESSTENARRZEEILT 0.1 £ 1 20,8 T4 R 75— E R LV e #s g+
SR 25 1) 57 0 DA B SCRR X R e AT R

R1 WEHHBMARNABRESSEREER

Table 1 Phosphorus content and range in different periods in Hani terrace wetland

LS PRI Fallow period A KM Growth period 3k H] Harvest period 2R
Forms of JaH Range/ Y Mean/ JaH Range/ HFJ{H Mean/ JEH Range/ I Mean/ Coefficient
phosphorus (mg/ke) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) of variation
TP 56.43—580.76 313.70+142.47ab 83.45—752.66 268.50+128.82h 107.73—1031.39 374.03+191.04a 0.34
op 34.29—464.24 227.76+138.30b 45.90—561.89 190.93+94.51b 102.59—964.87 328.30+176.09a 0.61
P 21.80—309.38 85.95+51.74a 17.26—190.76 77.57+46.88a 5.14—106.19 45.73+22.81b 0.65
NaOH-P 17.04—305.22 79.36+51.72a 12.74—170.28 71.09+42.93a 2.85—94.23 39.81+21.93b 0.69
HCI-P 2.78—25.84 6.59+5.04a 1.41—40.19 6.48+8.01a 1.54—15.66 5.91£3.53a 0.91

[l —11/NE TR AN ) i i 24 53 1.3 (P<0.05) ; TP LB Total phosphorus; OP: 45 HLE Organic phosphorus; IP: JGHL#E Inorganic phosphorus;
NaOH-P; #4545 5585 Iron/aluminum bound phosphorus; HCI-P; 5454 258 Calcium bound phosphorus
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B AR 1 AT R I R 5 . 20—40 em H)E T EBIE S G RAMAY, Bik&S FHE L2, 1% )2 TP
5 OP i (B X B B4 7E 6 R b 4 385 i, 1P & s e AR R VRIS 1 0 2 A LA 5 0—20 em
+ 2 R A A R — 2, ARAE R PRI 5 v L X R A e R F R s AR A 1 3, iT & 20—40 em £
JEH HCI-P 5 5 7E I B A R 1 s FH R P 458 757, NaOH-P (1) 43 A LA ] TP (9 AR FR AR TR] . AN ] e 30
) HCI-P &7 40—60 cm 1+ /222 580K, RN A K B 5 UCRIA M HCI-P 7 L b i b b 5 2 g
I, MAE R R Y 1 rh s IR S HCL-P & s i (B 1X 5 Bk HCL-P DAY &8 280 5 2 7 R PR I RN A= 00
o e (L DX P47 0 R T 0, 7 MACHR U 2 B0 Ay s FE Yl b 1 g S T 25 7 e v, R S BT 5 /K T I o T R
TR A, 60—80 em )2 M AS [ BT 45 15 1 52 B Bt VA 4% A1 i 22 e /N A BA 3 L 5 40—60 em A4
B AR, SR 60—80 em 2B A& AR X HAb + 2 W
2.3 WRJE R R IR A S M B SC AT

JFE 2 ATHN BFSE X A A R 149 (5.30—6.03) |, W3R 1 pH {H 2 3% & T H e i (P<0.05) , 54
K] 8 pH {8 22 Tk W2 5 AR IR T 3B FEBR R 2 LIS Y 20—80 em 12 )2 pH (HR I A BE + 2R
FYIGINIIE N, 148 TOC & i SV S ISR > IR R > A KM 2 AR i 2 ZE ORI AR A B 5 5 o
e, ORI B -3 TOC 75 & A 22 IR 23 R B f 34 o/, A R 76 45 i 0 E) A8 1k 25 55 A B
F(P>0.05) , HLFf )2 IR Jo B A,

*F2 TEEAMER

Table 2 Soil physical and chemical properties

' - o
?’ifids So;l{drfﬁlim Toc/% Parlicfi;e/ wm pH
VNGE 0—20 2.58+0.60Aab 131.46+33.12Aa 5.60+0.55Aab
Fallow period 20—40 2.44£0.99Aa 124.67+32.06Aa 5.45+0.45Aab
40—60 2.25+0.76Aa 108.30+45.46Aa 5.42+0.23Ab
60—80 2.30+0.84Aa 112.44+35.52Aa 5.38+0.31Ab
GRS ] 0—20 2.01%1.54Ab 147.16+56.35Aa 5.38+0.32Ab
Growth period 20—40 1.53+0.98Aa 122.85+56.18Aa 5.30£0.37Ab
40—60 1.200.78Aa 128.01+58.57Aa 5.32+0.49Ab
60—80 1.17+0.80Aa 161.83+131.74Aa 5.46+0.57Ab
eS| 0—20 6.62+7.32Aa 125.91+49.43Aa 5.83+0.24Aa
Harvest period 20—40 5.61£7.73Aa 122.92+51.75Aa 5.77+0.26Aa
40—60 5.89+9.11Aa 133.01247.86Aa 5.98+0.43Aa
60—80 6.56+10.32Aa 125.45+50.02Aa 6.03+0.46Aa

R B ST B2 (i) — I AN () 2 i 9 5 ik 2 55 3 (P<0.05) 3 /NG T BERR [] — 1 JZ AN Rl S A 5 ek 22 57 1835 (P<0.05) ; TOC: B AT
Bk Total organic carbon

ANTFI A1 S A AR S 5 TOC RiAR LK pH (B A ARG RS2 BLLL R AL (38 3) - TOC  pH KA Xt
5 i (R R KR A RSO BAT 4 s R KA TR 5B i 5 8 pH (52 35 (P<0.05) Al i
FIEMIXEH AR (P<0.01) , TP 1P Hl NaOH-P 55 +HE TOC & 20 535 U DEE R (P<0.01) ; IR WA
BIEAS &5 5 TOC &= 2Z M1 H 2 8L % FUHI5E (P<0.05) , TP Al NaOH-P 7 &5 + ek 12 52 B 2 3% 71
H1, TP (OP I HCI-P 158 pH R 93 10 A LR G REUE

A L2 L rh AR TS 13 TOC BRI K pH (A AR CHE M 45 R AP 4, pH 5 TP OP % 1Y
TEA S ZR B 2 R EE (3 i 4, #E 40—60 em 5 60—80 em + 24 BRI 2 (P<0.05) 5k B
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Fig.3 Spatial distribution of soil phosphorus forms in Hani terrace wetland

a0 R il & G, SR A mg/kg; TP LB Total phosphorus; OP: 45 HLB Organic phosphorus; IP: JG#HLB Inorganic phosphorus;
NaOH-P; #k43%5 4 A58 Iron/aluminum bound phosphorus; HCI-P; #5454 258 Calcium bound phosphorus

(P<0.01) YAHIEHE W] pH XF TP A1 1P 55 8 A5 el B R BE 38 I mi 4 s pH 5 1P A1 NaOH-P 9 AH CHEAE 0—
20 cm 5 60—80 cm 12 &GN 7E 2040 em Fl 40—60 cm + )25 FAHFAE ; +3E TOC 5 TP £ i fH %
M, B 2R A A 56 2R 808 A I HCL-P RLAN, 3k 12 5 H A& A 0k 22 0] S B G 56k 1
20—80 cm )2 AH M Z B bt 2 R R i iR 0, 22 R AR S I AT RLAE
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x3 TR TESHEESSES T TOC HE pH B X%

Table 3 Correlation between different forms of soil phosphorus content and soil TOC, particle size and pH in different periods

y PRI Fallow period K3 Growth period W] Harvest period

BB — — —

Forms of phosphorus TOC P ﬁé . pH TOC ) 5{%14%" pH Toc ; %i@,-, pH
article size Particle size Particle size

TP -0.20 -0.05 -0.12 -0.47"" -0.25 0.46"" -0.36" -0.25 0.36"

op -0.30 -0.14 -0.21 -0.31 -0.23 0.35" -0.34" -0.21 0.36"

P 0.25 0.25 0.21 -0.68"" -0.23 0.56 " -0.38" -0.45"" 0.23

NaOH-P 0.24 0.22 0.24 -0.68"" -0.26 0.51*" -0.36" -0.51"" 0.17

HCI-P 0.12 0.30 -0.27 -0.31 0.08 0.55"" -0.22" 0.24 0.42"°

x FERAASEME . (P<0.05) 5 = FR AR .38 (P<0.01)

0—20cm T2 20—40cmt. 2 40—60cm 12 60—80cm 1 )2
1
TP & ko I
&
$
P A
Ez
NaOH-P
HCI-P
-1
TOC hife pH TOC p e pH TOC it pH TOC i pH

E4 AREIETESHEESEESTIE TOC HZ pH HHEXYE
Fig.4 Correlation between different forms of phosphorus content and soil TOC, particle size, and pH in different soil layers

* AR (P<0.05) 5 # % FRAH M 3E (P<0.01) ;TOC: B HLEK Total organic carbon

3 itig

3.1 TAJERS HE 1 SRR S A i A A

TR FEIE A S AR R A Z R N R 5 A G ShRg i, KA T REFFIE H A A FE & A
WP AEFE o R W 0 B, B B e TP S DRI, WA R YR IR IR FEAA H R S S0l
M TP 5tk =i i B A v, A 8 A FE T A2 IR A AN K, BN K I 30 0 38855, B T R 3T B K
W B, Sl AR IRIRID R A RIS R T 7 45, AN S 7 F T b L — 23 e i A 25 T L 20
T K 8 FL R R A B B RN AR T V5 K G AN A B AR 380 T YR A AR S Rk AR Kk
B EE Y RAE T NaOH-P 74 RS 1F F H AT S FE L R RS 1] R HE s 09 254, Al H 3L NaOH-P 7F
PR PRI A AR B E . HCL-P B A R 5 B B B I 245, TR T D A e il i A b 1 A= A, o FsF ] R0 25 8] )
AR K, S RFSE X T A 52 JE HCOL-P S B S i R H 22 R A BB W E BRI, X 57k
22V 3ot B Y HCL-P &8 oS . WF9E XK L e B BE 2 HCL-P &) S e 7= %
VR 55 B IR A Je Ao FE R b ™ o, RT3 00 AR S AR i, R 3 0 0 25 o 1) s 3 DR R K e
Tl A SE ORI HCL-P & 0w

U S i 0] S0 AT S A 552 00 Vg AR AR T AR ARG A B4, I g 38 > v 8 > T 340 5 4 b %) - 3508 s I B
B R BEAGE  AMIRE i A5 I s A B VR AL, R A A i . R RDE S
1E20—40 cm L2 F RS, R RE LIRS G e IR+ IERZE 0—20 em K% 20—40 ecm L2 K,
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TR AR K, Xl (10 R B bl /N 2 3 2 0 B AR X /N s ST S B 5 B 7E 40—80 em + )2 R I My bl
TR (10398 0 552 AN ) 1) I, 7T B S B TR B O, BRI 45 A A T A G A JEOIR S, A R Tl e i >
ol ek S ED . LE D TIA WE JE A FE R ST AR E5 R L B N R B B ke s B) 43 A S AR
— R XA AR E A (T e A JE A EE Y A Ry it A S B, KR oK B ) SR AN W AR A, ] £
5 FEDKZ BRI, B ik A S A U % i B AR R K AR B IR AL, N R
FERE A
3.2 RS S RIS A Ak e 1

8 TOC i pH R AR K /NG 25 SR 2 R ) - e i A 82 BRE R SOV T, DA T 552 g - 198 v 45 TR 25
RIS S, FE7K S T A F 885 A IX 36, i 2 e 5 R HERAR RO M St d o B 2 ) i SRR B b R 3 4K
sl , #Z 2K i K, 8w S B S R TC I WA SR ERART R AR S R R
RS, T HCL-P 5 0B85 IE ARG, 55 HCL-P 5 3 AR 8 BEFEAE TAR0M e mkirp | s &
BRI R R 2 49 pH SR 6V R P B TR SR B, X AT S A R 5 pHL R K BE
SO A AS AL R A, O B RR R B RE J1 00N, (8 pH (B ERER A A A BE ORI DG ERS SR Y iR Tk
I NaOH-P S EARM IS . (H 25 R PR B AR A5 Wy 0T i 2 £ 0 W5 1 T X pHL T T 5 | - g %
A R RS S MR T, 2 HH B 198 p L 38 o ot 348 o - S e A IR 0 S - R TP AR N R Y 4 )2
5 pH HEBIEAE, 5 HURR A9 2 ol Sy, 8 B (0 MR ARV PSR , 9 25 ) 2 B 67 S0 T R 2
IP 1 NaOH-P ZEWSCIR I E5 s AR ) S R 5 AR 5 R PRI a5 + )2 H IR S & 84k 5 TOC & fEAH G 1k
AN AT R SR 9 R S T R 0 2 Wl ) O R DA T R ) B R B A A A AR AR B R A T i — 2
5z,
3.3 AREASEHE & 5T WX LT

VA | R R S A RS R B S S i 22 R R WA S A FE b 1) ST (A2 [R] 45
Ay 55 AR ) o ™ SR A2 DX 53] T A 0 b (¥ B RUASRAGE S R JE AR R b 1) TP e B 55 V- i 0 5 g Pl T 0
PAAS FARIE AR LA A5 T T3 i AH LA vy, T A R] -5 2 T 0 i DR A 5 K e A5 7 s 11
T3 b, 3R oo B LA 2 v A MR RV PR R e Ak S5 R 2 T A 2 s PR 380 b o = 9P 7 1 B2 R e v, X A6 FHH
(SR AN R 70 A - 30 5 R T N TR, NaOH-P W 283 gl % B (14 52 M), 2 Ak A AR U5
YRR, 1R A 4 HER B i (I B AR A 45 /R AT Yo i JE i F IR b A NaOH-P 257 25 hy VA5 08 i
) —2 53R V2200 S A B I, U RA A T A HE T b - SRR o e A, TR IS, TT R A HH b £ 1R A
A LIR30 WL 6, ] AR e Bl A9 W B, 550 NaOH-P 75 22 30 T VR b AEK 5 24 A P
NEAEA A K A 38 5 K f e, YA R T 553 00 F AR e 4, DT 2@ B9 10 65 v 10 39120 b, R 0 352t NaOH -
P S, WM HC-P &5 AR HCI-P &1 1% 5 TR Hh A8 29% , 150 M 4 1o 5 75 5 A )
AR ZRZ M HCL-P i 22 S A IR PR 6 T b 7E i it R SR B 7K A AR e it fe O 3 0l 1) A R PR B
TR RS2 J2 J ) A0 et 5 | 7K R e iR 400 A BRI /K B U R Y A 66 R % ) BB S 15 it Xof = btk 5 )
FEEE AR T e HE A S PR AT RE S HCL-P S8 8 Ag R R, I, #i HCL-P &4
T V1A b 7 K e I R s A N P TS e I (R 4) |

4 Hig

(1) W& JE b b 1398 TP & F {0 318.74 mg/kg, ORI L3 TP 1 OP & s TR S5 A (M) AR
P2 KA A R O3 I bR HE | AL TR 2RSS s 2 ANIRBE AR AR RZ IR, e JE B T b - 38 TP F NaOH-P
EEAEOR NIRRT HCL-P & 8 BRI, 28k B 35 22 5, 19 W JE A T4t ) A A5 PR M o 5
K,
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x4 AREIZHMPHES ST
Table 4 Comparison of phosphorus content with different wetlands

TP EEME TP HEMM NaOH-P Fi HCI-P 5

TSN T X 0 2 FE AR

T2 PR FERY) TP content TP content NaOH-P HCI-P
Y Wetland Study area j Sample
Wetland names , Jocati Main plants range/ mean/ content/ content
€S ocanon source
" (me/ke) (mg/kg) (mg/kg) /(mg/kg)
g - PNED
VSiTa: ! P A it 418.71—1108.34  903.64 178.70 265.05
Erhai lake SR KHEM PR iR
s 15] rE .
o SRS iiffﬁ FEKE R 441.03—1496.10  745.37 50.42 460.09
Nansi lake i)
AW IR [32] KA e g o
AT P NRRS ] [{ﬁé P TURY 120.68—342.44 230.77 45.86 104.26
Wuhe wetland Il 7
IJA o \\Eli . f— Aol _ _
”Eﬁzmm v AT ZIT% KA KA+ 56.43—1031.39 318.74 63.42 6.33
Hani terrace wetland 2L

(2) W JE Hefs P - ST RS 28555 2 () A A A5 R 2 SO0 e A ) I A0 e ) s 3, 106 T 3 o
IR A B, LR R R, 2R ABEE 20—40 em + 2 54 ,40—80 cm - J2 W& & BEVR AL (1 58 n
17326 D, P S TR 3 i A ™ R TR R A A HIE B R WA 285 A L i A

(3) A[FLJZ L HE TP A1 0P 55 pH {ELERIEAHSENE , AH 5 A Bb + HE TR EE 938 Inmis i, -7 60—80 em £
JERF N B HCL-P Sb, B3R SRHE S Z M R B OC, BLAE 20—80 em - JZAHSEME £ 800 1 e I
JE B HE TG s AR L= P TOC 55 wER U SR RGN B A AR
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