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* EZEHABEIEGTIH (41571286, 41571130053 ) % Bl Supported by the National Natural Science Foundation of China ( Nos. 41571286,
41571130053 )
+ M IRAE# Corresponding author, E-mail: ylwang@nuist.edu.cn

EHRIA: VP (1995—), 2, i, W, FENF ARSI, E-mail: sinhom Xu@foxmail.com

Wk H1: 2019-02-01; BB MR H: 2019-05-25; HE2efs iR B (www.cnkinet ): 2019-08-10

http://pedologica.issas.ac.cn



3 44 VFAYELAS AT AL T 2148 5 1 DA SR Al 22 A 7 25 o 0 R T 731

saturation (DPS), and can be used to effectively assess and monitor the status and release potential of soil phosphorus storage.
Therefore, based on a long-term (1988—) fertilization experiment in a field of upland red soil, this paper tracked variations of the
SPSCs in the red soil and its various fractions of soil aggregates and discussed impacts of soil P input on the SPSCs. Method A
total of 33 soil samples were collected from the surface soil layers of the 11 treatments of the experiment, i.e. NK, NPK, NP, PK,
NPKCa NPKCaS, CK, PS (1/2NPK + peanut straw), RS (1/2NPK + rice straw), FR (1/2NPK + fresh radish) and PM(1/2NPK +
pig manure), for fractionation into soil aggregates (> 2 mm, 2.0-1.0 mm, 1.0-0.25 mm and 0.25-0.053 mm)with the wet-sieving
method, analysis of SPSCs in the soil and aggregates, exploration of effects of P input on SPSC, discussion on relationships of
SPSC with soil total phosphorus (TP) andavailable phosphorus (Bray-P). In the end, the risk of soil phosphorus loss was assessed
and “safe life” of the soil continuing to accommodate exogenous phosphorus. Result Among the inorganic treatments,
Treatment NK was the highest in SPSC, reaching up to 265 mg-kg™', which was 1.9, 1.6, 1.9, 2.0 and 2.4 times that respectively of
treatment NPK, NP, PK, NPKCa and NPKCaS. The fractions of soil aggregates exhibited an high to low order of 1-0.25 mm,
0.053-0.25 mm, > 2 mm, 1-2 mm in rate of contribution to the soil total SPSC. So, based on the current phosphorus application
rate, it was estimated that the upland of red soil might remain safe for 30 years. Among the combination treatments, Treatment
PM displayed a negative value in SPSC, reaching up to —333 mg-kg™". In this case, P application should be stopped immediately
or fertilizer application rate should be adjusted. Treatment PS, RS and FR remained to be positive in SPSC value and did not vary
much between them and followed an high to low order of 1-0.25 mm, > 2 mm, 0.053-0.25 mm, 1-2 mm in SPSC contribution
rate of soil aggregates. So based on the current phosphorus application rate, the soil under the treatments might remain safe for 41,
30 and 14 years, respectively. However, the soil under Treatment CK may remain safe for 51 years.  Conclusion According to
the correlation analysis of SPSC, TP and Bray-P, when SPSC stay exceed 10 mg‘kg’l, application of phosphorus in the upland of
red soil upland is absolutely “safe”; if it is in the range of —10 mg-kg™ to 10 mg-kg™', phosphorus in the red soil is extremely
unstable and extremely liable to get leached into the surroundings or water; when SPSC stay below —10 mg-kg™', urgently calls for
immediate halt of P application and readjustment of fertilization schemes so as to lower the risk of P polluting the environment.
Key words: Long-term fertilization; Upland red soil; Soil phosphorus storage capacity (SPSC), Degree of phosphorus saturation
(DPS); Soil P loss risk
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LR ) - SN ) ) J&] PR SR B Bl ™. SPSC J2 3 F
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Ll dEan” . WA T A HEIX 4+ e R IR
B MR RASE RE O HERR AL SR =R B
S5 R B 1) Tl 3% T U A B RS ) ) B AR AR A

bR

1.1 RIeHR

KHFA GG T 1988 AR E A VL VH 45 Ak 1 A=
B ARG EZXBHMIF BN (28°04'—28°37'N,
116°41'—117°09'E ). 1995 4 LA i ik 48 th i#E 4 748 4 Fn
WS, FUch—ZFeA, AFRH, L
HEE R+ kB IR K5 S TTALIE X
SAVTHAEE X, L ICHUAC S X 15 : NPK,
NP. PK. NK. NPKCa, NPKCaS 3t 6 /MAERl4b B
(Ca Tt A K, SFRMHMEITE ); AL
MUAEFC e [X 35 . X} BE (CK, 2925 1/2NPK ).
12NPK+HEAEFE A B H (PS). 1/2NPK+FFFF
(RS). 12NPK+f# 3 (FR). 1/2NPK+44 B
(PM) 4t 5 PMEEME L RAEEHEEES 3 1K,
BN XA BT R H 2 WL SRR [14]
1.2 TEHERRESHE

2014 Rk (feAMEk 2 A ), TERASE
B/ R AR AR AERR 5 L, BEE S,
Bl FE, fFERNRE XA “S” B, RE
HEZ (0~15cm) HIERES: 10~15 55, FBR/Mabk
PRI DL R sk, A5G RAN S 3%
TR0 1 kg 22407, CTREE EH &, WRIEN AR
K, PRAEE .
1.3 TEFARMEKR S

FEFCR IR S AT i b, IR S
(1) F ARG AT R e e i R AR Y 10~12 mm
K/NRIREE . KT, FRER 20 g ARSI ET T

(N BB R EAKKH 2 mm, 1 mm, 0.25 mm
#10.053 mm ), FEMA DX-100 FIRIADHLH,
K E=HE R FEGF 3 2 em, 3R 10 min J5, T
4% 30 min (N 60 Yoemin™ ), RIFHUHET, A
I AR AT R A SRR A 2 U Y
&, A 40°CHIMAE Pt T BREE, BRI HIRAS
i l> 2 mm, 2~1 mm. 1~025 mm 5 025~
0.053 mm AT RIAEFEAR
1.4 TEBRMEESE (SPSC) HWE

FREL 1.00 g o 2 mm G R+ 1, BT 100 mL
B9 =SHH, A 50 mL 0.2 mol-L™" A & iR i 112 B
W (pH =3.0), FHMRE IR N 2R )55 A B4
WATAE LI 1B A A RN, fEER (25°C+2C) %%
HTREE2h 5, B, i 0.45 pm BB i H H &
RS B ORI CICP ) I B OB 8k ( Feoy ).
B (AL ) Bl (P ) Fri. 5%t (1) A1k (2)
RS R B (PSR) 5 SPSC:

PSR = Tox

Fe,, + Al (1)

SPSC(mg-kg ') = (Threshold PSR—Soil PSR) x

(Fe,, + Al )x31 (2)

K, Pox. Feoxn Aloy NFMREARBUSHE . 2. 8
#4#E ( mmolkg " ). Threshold PSR & PSR il %L 15
fi, ABFFEPEUE R 0.105 Soil PSR Ay fif FH # i it
WA Ry B IBGH) i I 22 19 - 4981 PSR i .
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48R B AR SPSC HIMAT ( mgkg™ ).
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fb- kg ; pH SRATH AL E , W
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HCIO, ) JHA&, THEHHE ( Bray-P) R -
WAL R, KB ( CaCl-P ) R H
0.01 mol-L™' CaCL /AW IR, Mt 10:1, H

PHEE He L e BRI S IR R . bk
TR SE B HARSRAE T 852 W SCHR[15] . sl 4 4
FEAAE L 1.

F1 B EIEREAREAMER
Table 1 Basic physical and chemical properties of the red soil in the experiment
I/ X AT} A 2 oM TP Bray-P  CaCl,-P Feox Alyy
Test plot Fertilization treatment Pl —/ (gkg!) — / (mgkg!) ——
ToHLE NPK 3.85ef  7.96¢ 0.64b 67.0b 0.63b 1 791ab 1 536abc
Chemical fertilizer NP 3.85ef  7.78¢ 0.66b 79.5b 0.76b 2 096a 1 712ab
application PK 4.32c 7.61c 0.59b 53.8b 0.72b 1 796ab 1 566abc
NK 3.25g 5.36d 0.27d 6.40d 0.48b 1 748ab 1 740a
NPKCa 4.54b 8.10c 0.59b 46.0b 0.67b 1901ab 1 449abc
NPKCaS 4.63a 8.81bc  0.62b 45.8b 0.65b 1 694ab 1258¢
AHHLTCHLE i CK 3.8lef  8.69bc  0.49c 39.3¢ 0.60b 1 438b 1351bc
Combined application PS 3.90e 12.2b 0.46¢ 39.0c 0.70b 1 439b 1 366bc
of organic-chemical RS 3.79f  12.9b 0.47c 39.4c 0.62b 1 448b 1247c
fertilizers FR 3.84ef 12.3b 0.50c 38.0¢c 0.50b 1 436b 1 368bc
PM 4.06d 16.3a 1.29a 483a 5.14a 1518b 1 335¢

Rl —3 A JEAH [R) TR 7R AN [R) Ab PR AT 22 5+ 1.3 ( P<0.05 ). Note: Different lettersin the same column mean significant difference

between treatments at 0.05 level.

iR AR
BG4 9 K Excel 5 SPSS 20.0 # 4 ; 4
% I Origin 2017 k4.

1.6

2 45 R
2.1 KHEIEITLIER # SPSC K F N
ST A TT LA I R e 4T 4 SR b SPSC ) R/,
TAHLRE X, KIAMEBEILA NK 43 SPSC ik
265 mgkg ', @ E & T AL, 43 51)E NPK. NP,
PK. NPKCa #il NPKCaS ZbHf) 1.9 5. 1.6 %, 1.9
f5. 2.0 fi5F0 2.4 6% (1), AHLEHUIEEEX, 5
CK AbFEAHLL, A ECHEREBEAC AT PM ARBERT L 3
WA LT3 54 SPSC, H. SPSC i fti( —333 mg'kg ™),
ifi PS. RS M FR AbPRAY SPSC 4 M IE(E, HEm 2
SARE (E1).

LA
w

B/
2

22 KHAMIEXIIESEMEZHREFARME SPSC B
A

K300 ifes FH JC ML RE 119 21 18 52 v 457 92 141 R Ak
SPSC i m B MKAK KN 1~025 mm. 025~
0.053 mm. >2 mm. 2~1 mm, 5 NK Z4bFEMHL,
NPK. NP, PK, NPKCa Fll NPKCaS AbFfH 0.25~
0.053 mm K. %% A1 B 1K SPSC 23 Wil B AR T 51%.
37%. 46%. 58%M 63%, 1~0.25 mm KiZ ARk
SPSC 43l i 2 K T 51% .40% .56% .55% )% 64%;
Hidr, NPKCaS 4B 2~1 mm ki A R K 5 NP
AFR > 2 mm KL A R ARG SPSC 43l ik 2 AR T
62% % 32% (& 2),

Wit A HLIC ML it A A 21 458 52 3t i PM A
FHERAN ) &R BIA SPSC I BRI N 1~
0.25mm, >2mm, 0.25~0.053 mm, 2~1 mm, 5
CK AbBEAA LL , A PM Ab BE T L 5 28 R ARG 45k 4 1A 5%
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-200-

—400L

1 oA R AR R A B 22 7 B 3 ( P< 0.05 ). Note: Different letters mean significant difference between treatments at 0.05 level.

1
Fig. 1
390 0250053 mm

[_11~0.25 mm

[2~1 mm

B >2 mm

Ba
~ 200
on
<
on
£
O Bb
4 Bb Bb Aa Bb
« 100H
Bb
Ab Ab 0 Ab
Ab
0
NPK NP PK NK NPKCa NPKCaS

Akl 4b P Fertilization treatment

SPSC/(mg-kg ")

KT HE A XS 4T 4 2 b SPSC Y521

Effect of long-term fertilizers on the SPSC in the upland red soil

200

100

kL Fertilization treatment

-100F
=200 Db
_300F [10.25~0.053 mm Ab
[ 11~0.25mm
[C12~1 mm
_gooL B2 mm

T M RNG FRE R R A — B R OB AR R R AR A BRI 25 57 B35 (P< 0.05); JEAHIRIR 'S T4k 3R [F] — BB e Ak 381 v O TR 2%
AR 2257 8% (P<0.05). F[F. Note: Mean values affixed with the same lower-case letters are not significantly different at P< 0.05

between treatments the same in aggregate particle size. Mean values affixed with the same upper-case letters are not significantly different at
P<0.05 between aggregates different in particle size in the same fertilizer treatment. The same below.

[ 2

T AL Xof 218 5 Ml A5 4 PR 1A SPSC Y521

Fig. 2 Effect of long-term fertilization on SPSC in aggregates in the upland red soil relative to particle size

&%) SPSC, HIEIM(E, 1 PS. RS & FR =4
A3ETE s (K2 ),
23 KEHABREGTENEAREITIER M
SPSC KM

KW T TCALIE 21 sy, 250 A R A
XTer S SPSC 1y 51 lk 3 & BIIRIR IR 1~
0.25 mm( 55.3%~65.9% ).0.25~0.053 mm( 16.9%~
20.6% ). >2mm(7.2%~18.3% ), 2~1 mm( 7.3%~
9.0%) (&l 3), 5 NK ¥, NPK, NP, PK,
NPKCa #1 NPKCaS 4b#f 0.25~0.053 mm f 2~

1 mm K& S A%+ SPSC 1Tk R TC i 728k ;
PK AbFH 1~0.25 mm b7 AR AT 2T e 52 b SPSC 57
BRI EFEL T 16%; i PK. NPKCa Fil NPKCaS 4b
B> 2 mm R AR IR LT R SPSC TTkR i %
BT 1345, LAf5F 1.6 fi5 (& 3),

KA HLICHLAC it A 21 396 52 i e, 4567 2 AT
RN LR SPSC Y BTk R i SRR N
1~0.25 mm (47.3%~63.9), > 2 mm ( 17.4%~
27.0% ). 0.25~0.053 mm( 10.9%~16.1% ). 2~1 mm
(7.2%~11.4% ) (¥ 3). 5 CK 4bFEAHLL, PS. RS,
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RX} SPSC By sk % JC B 3% A8 4k ; FR Al PM Ab B
1~0.25 mm F7 2 A BRI 213 SPSC (1) TTiikR

BRI T 22% % 21%; 1 PM &P 2~1 mm ki
A BRI R SPSC TSIk R B E W T 0.6
5 (FE3),

120~ [10.25~0.053 mm [ 2~1 mm 1200 7025~0.053 mm [EE2~1 mm
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«

= 804 80
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Z

T 60 60
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£
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0

NPK
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NK NPKCa NPKCaS
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B3 Ui E Yo 21 b 52l 45k 4 A B SPSC Y Tk R

Fig. 3 Effect of long-term fertilization on SPSC contribution rate of aggregates in the upland red soil relative to particle size

2.4 TEMBIKEILIER M SPSC HIFND

- HERE R AN RO S M A E R . SPSC
ZHE, hmE 4 FTLUEW, & 158 TP Al Bray-P
SR, LIS SPSC S P S R
(P<0.01), 1 SPSC 5 TP, Bray-P BJAH X7 & 7] LA
Iy BIHESA L, 24 SPSC = 0 if, TP =10.76 gkg ',
Bray-P = 105 mgkg'; H TP 5 Bray-P (ItHX X &
A%, 24 TP = 0.76 g'kg ' i}, Bray-P = 99 mgkg ™
(1| 5), A SPSC = 10 mg'kg '( & 4); 24 Bray-P=
105 mg-kg ' I, TP=0.77 gkg™ (&l 5), TiHHIHY

\ 2
* Bray-P TP
600} )
;; = 0280002
: VT
%ﬁ 4001 R*=0.86, P<0.01 3
= : 116
z ! TP=0.76 g'kg ' 4
& . o N
e4 65-0.005x
200F R=0.87, P<0.01
Bray-P = 105 mg-kg’
1 1 |£ . - |I'.I‘ L] . 0
-400 -200 0 200 400

SPSC/(mg-kg™)

4 KIGEAC A 21 5 Bray-P. TP 5 SPSC Z [a] A AR
Fig. 4 Correlations of SPSC with Bray-P and TP in the red soils
under long-term fertilization

SPSC =10 mg-kg ™' (& 4). wystn] LI 50k, 24
SPSC>10 mg-kg ' A, £1 3 2 345 HAT Ak L2590 AR
BEIY “ 2 e 7R5 24-10 mg-kg ' <SPSC<10 mgkg
BF, T Em A T AR RS, WE SRR
24 SPSC < —10 mg-kg ' BF, +Hems 2 A 46 1) J& Bl
AR TR T KRR, R ST B SR BORBE AR it

3 U ®

SPSC & — AR AR, AT LA 4T3t AE ik
I PR XU B {ELRT, 8 AT Ak Z A AN 5 17 ik SN IR

600 »

400}
Bray-P=573.8 — 54644/(1+TP6,«/ 7

R*=0.98, P<0.01

200+ /
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Fig. 5 Correlations between Bray-P and TP in the red soils under
long-term fertilization
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Wiz, SPSC = 0 J& Fl Ik 39 2 il A9 VR BT Y
FEPrai, 4 SPSC> 0 Af, HHEEHEAYIL, B HHER
Zx[ia] JE R PSSR L ] kS 2SN AN IR 5 24 SPSC <
0 W, HEEBEAOUR, B Rk O s A KUK
Fe 2RI U A g B, KT i A e i
it A P S AT 8 0 5 R T 2T 5 4 SPSC, (HAR A ff
48 SPSC <0, HIEIRBHL, HHEREFEZMXT %
S5RGBT 4T b
SPSC, Hffi SPSC ZHfM{H (333 mgkg™'), BT
- B ) ) )] BB AR RO 5 Yok s (1),
X FE T 2 A S LA EAE R AR
TR APRAESEAT 0, DLk 2 30T AN 4 1
NGRS, A5 - 5 e Bl ) W R A 7 AR
T LA S B ] o 2k B A s i AR s gk,
SPSC <0 i}, T IEBEN S m B R L, HWEIRE
+ HEREAR S 1M VE AR 8 sh It gl R TS A
g, KGR A Y 21 3 S Bray-P ik
483 mg-kg ' (F 1), i s T1EYA F 5aE A 3L
B 20~40 mgkg U, WL, 4R EEY X
98 22 1) AR P 238 0 2 A A0 A1 1 2 b g 3 2 KU
%) 5Ly Tl

BRI R E PIEERANAT . s KR
HEER, HBE R A2 5 0 RN LR R i 25 1 4
B R A IR BT 2 420 K it I 55 it A HLAES 7T A f
AR e R b v AR R AR 1Y SPSC, T H R
Jiti 7 IR A A 457 9 A S AR ) SPSC ¥ B G(E,
B E AR R 1~0.25 mm( —155.2 mg'kg™ ). >2 mm
(-86.0 mg'kg ' ).2~1 mm(-35.3 mg-kg' ), 0.053~
0.25 mm (-33.1'mg kg™') (& 2), Xt EHRE AL
Ab B v A 945 R P TR X IR B R R A
B 5 m S R . ARFIE IR B, KWt I
HUIE 5 Bt A LAE A9 213 - b, XF 2145 S 4t SPSC
DRI S AR R AR 4 1~0.25 mm
5 2~1 mm, 1 0.25~0.053 mm 5>2 mm ¥ 2% 4] 82
R sTER A R (18 3); BT WL, HHERIR K
(4 434 il 2 s M 2T HE S b SPSC Ay H B -,
7 0 it JFH TG AL i i A ML 80 42 1 498 52 o 4]
SRR R ) T FEE it , U HR K Rt E HLAE AT DA
P R >2 mm R R ARG LB, EH A
+HERE R M kA7 S R R,

Jit A ok 2 - 9 PR SR ARG My, R - SRR S
LR fE 7 BB, R 4R 4 DPS . I

SPSC ., Hhnm 2 i 2 KU 19 2 R Z P, KAt
BEAC Y NK b3, 456k 2 KA T A SR FEME IR
SPSC ik 265 mgkg ', TIEBEEMEERERK;
it FH JC MLl s8¢ It A P R A 213 R4t SPSC
Yo IEAE H A S0 B A 25 gy AN IR 0 23 8] 5 1 4 30
F it % AR F 2145 S SPSC P fifl, +3EE L
FAEGIMNERE S . IR AR 4 (B 1),
H SR ( TPry ). T HEFR B (RP) 5 SPSC
A &7 RE RT LAHESE L 24 SPSC = 0 i, TPry =2 419
kg-hm™?, RP=1388 kg:-hm ™ (& 6); R4, FHIEH
A AR U, KW THLIE (NK kb3
BRAN ) Y21 SR ATY PT AR 2L 2 s PR AT 30 48
MBECMEVE YIRS AR PS. RS, FR AL 3T, A] 22 4 it i
41, 30, 14 4%, TR MR CK AL A] 22 42 )it
e 51 4 Mot dg BEAC B9 PM Ak BN S7 BIVASE 1 it iy 5
VRO, AN TR A i A Lk T

6 000

)

(=)}
(=3
(=3
(=]

» RP aTP,,

4 0001
-4 000

TP,,=—8.0x+2341
R*=0.96, P<0.01

2 000r

Total phosphorus fertilizer applied/(kg-hm?

42 000

RP=3.0x+1354
R*=0.90, P<0.01

(=]
T

(¢ wy-3y)/snsoydsoyd [enprsay Fid A%

1 1 J 0
-400 =200 0 200 400
SPSC/(mg-kg™")

TPrs, A% Total phosphorus fertilizer applied; RP, +
He5% B B & Residual phosphorus in the soil.

Blo  KIE AR A AN X R iR (1988—2014 ),
TP 45 SPSC Z[MIYAASGCER (R ] A SCHk[14])
Fig. 6 Correlation between total phosphorus applied, TP and SPSC

in the long-term field experiment from 1988 to 2014, relative to
treatment

SPSC FZZ AL T DA B2 S e i 4 HE s 36 Ay AL iy
RS BHFARREEDT, Fitk, 3F SPSC HigH . +
el Z A A e B R, 5 Nair 2610
PIBFR ARG, AR E THT SPSC HIRHLL
S92 B ph B 2R A PEAEZR( 18] 7): BP 24 SPSC > 10 mg-kg ™
F, AT RUA K SR ) e w2 + R R R 4ax) <&
&7, EHNA AN R R, ek
o B Y A A RO B AR R R R A A,

http://pedologica.issas.ac.cn



3

VPAVZLAE I AL X 21 596 5l A1 3R A 3R A A A H O 2 T

737

SPSC

PR

v

v

SPSC>10 mg-kg!

-10 mg'kg '<SP

SC<10mgkg!

SPSC<-10 mg-kg!

LHORC AR, LT R LA
LA NS MR FL | | £ AR T B L5 T T
HERR S5 2 ) LR TSRS | [k
T e s
s TR R A & BAL NEStietons G SR
RS EALRLT % FEEISPSCH e e
e P - U N T e

& 7 SPSC 7£ 4139 5 M i 2245 1 b 4 1o FAE 2

Fig. 7 Framework illustrating the use of SPSC in P management in upland red soil
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