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3. Jiangxi Institute of Red Soil, Jinxian 331717, China)

Abstract: In order to determine the effects of long-term fertilization on soil phosphorus loss risk in red soil, a study on soil
phosphorus adsorption and retention and the related driving factors in red soils was conducted. A long-term fertilization experiment
was started in 1986 under double corn cropping system in Jingxian County, Jiangxi Province. The treatments included no-fertilizer
control (CK), sole chemical nitrogen fertilizer (N), sole chemical phosphorus fertilizer (P), sole chemical potassium fertilizer (K),
chemical N, P and K fertilizers (NPK,), double doses of chemical N, P and K fertilizers (NPK,), sole organic manure (OM), and
organic manure plus chemical N, P and K fertilizers (MNPK). Soil total phosphorus (TP), available phosphorus (Olsen-P), double
acid-extractable phosphorus (Mehlich 1-P), water-soluble phosphorus (CaCl,-P), phosphate sorption index (PSI), and phosphorus
saturation degree (DPS) were measured. Isothermal adsorption and desorption characteristics of soil phosphorus were determined and
the relationship between soil phosphorus parameters and soil organic carbon, pH and CEC analyzed using simple and canonical
correlation analyses. The results showed that long-term application of chemical phosphorus fertilizer supplemented soil phosphorus
(especially TP) and increased Olsen-P and Mehlich 1-P, but had no significant effect on CaCl,-P. The effect of chemical fertilizer
application on DPS was not significant. Phosphorus fertilizer reduced PSI, NPK; treatment increased PSI, but NPK, had no
significant difference with CK. Under long-term application of organic manure (pig manure, OM and MNPK), soil TP and DPS
increased, then Olsen-P, Mehlich 1-P and CaCl,-P accumulated significantly, but PSI decreased. Results from soil P sorption
isotherms simulated using the Langmuir equation produced a coefficient in the range of 0.862—0.989. CK and chemical fertilizer
treatments had high maximal phosphorus adsorption (Q,,) and phosphorus adsorption affinity constant (k), while under long-term
organic manure application (OM and MNPK treatments) Q,, and & reduced. The isotherms for phosphorus desorption showed that CK
and chemical fertilizer treatments increased phosphorus desorption rate with increasing phosphorus concentration. Organic fertilizer
treatments (OM and MNPK) had high phosphorus desorption rate under low phosphorus concentration, but low phosphorus
desorption rate under high phosphorus concentration. Under long-term application of chemical fertilizers, soils phosphorus
adsorption and fixation increased with new additions of phosphorus, but organic fertilizers reduced phosphorus adsorption in the soil.
Soil TP, Olsen-P, Mehlich 1-P, CaCl,-P, PSI, DPS and Q,, had significant correlation with pH, CEC, soil total organic carbon (TSOC),
cold water soluble organic carbon (CWSOC) and hot water soluble organic carbon (HWSOC). There was a canonical correlation
between soil phosphorus indexes and soil organic carbon, pH and CEC, with significantly canonical correlation coefficients of 0.997
and 0.951 for the first and second pairs of typical variables. The correlation coefficient between water soluble organic carbon
(HWSOC and CWSOC) and the first pair of typical variables (U, and V) was highest, followed by soil pH. The study showed that
the application of organic fertilizer positively affected soil phosphorus supply and retention. Soil water soluble organic carbon and
pH were key indexs of phosphorus supply and risk of phosphorus loss in red soils.

Keywords: Red soil; Long-term fertilization; Organic manure; Soil phosphate; Adsorption and desorption characteristics; Canonical
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59.2 kg(P,0s)-hm™, mgkg ™, (CEC) 10.7 cmol(+)kg™",
, [12-14] (<0.002 mm) 41.0%
, 10 , 8
, , NPK
L] (CK) (N) (P) (K)
Broadbalk (NPK)) 2 (NPK),)
, Olsen-P 60 mgkg™ (OM) (MNPK) 222
[16] CaCl,-P  Olsen-P  m’, 3 : ;
: (O 4—7 ) (7—10 )-
(phosphate sorption index, PSI)I'™ , N 60 kghm™ P,0s5 30
(degree of P saturation, DPS)!"”) kghm™  K,0 60 kg-hm™
(200 pgp ; , 80%,
e, PSI 40%,N P05 KO 0.40% 0.35%
, pH 0.50%, 15 thm™ ,
, On , 2/3 , 1/3 2011
221 pps 11 , S 0~20 cm
, , S s 2 mm
, 1.2
[19] 6] 1.2.1
« [24] pH ( 1:2.5)pH
; (total soil organic carbon, TSOC)
pH CEC ’ 25°CIL (cold water
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) HWSO0CQ)] (231, (multi C/N
25 , 2100)
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, ASOC)" 333 mmol L™
1.00g 0.25 mm 50 mL
pH CEC ’ , 333 mmol-L™' KMnO, 25 mL, 1 h,
5 min( 5000 rmin"),
" . 1:250 R 565 nm R KMnO,
1 MRE7ZE (I mmol KMnQOy4
1.1 0.75 mmol C) (carbon management
1986 index, CMI), (26]
(28°37°N, 116°26’E) , 1.2.2
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:pH 6.0, 1.20 g-em™, 9.39 g-kg ™', (Mehlich 1-P)!"] (0.05 mol-L™
N) (P,05) (K,0) 0.98 gkg™! HC14+0.0125 mol-L™" H,S0,) ( 1:10),
0.62 gkg™' 1136 gkg', 60.3 mgkg™', CaCl,-P 0.01 mol-L™" CaCl, (

(NaHCO5-P)5.6 mgkg™,

[24]
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(PSD!, 2 mm 2) (PSD)!®:
200g 50 mL , PSI=X/1gC 2)
. . -1
150 mg'L™"  0.01 mol-L™" CaCl, 20 mL( X [mg:(100g) ], €
-1
1.0g 1.5mg ), 2 (umol-L™)
[27,29]
: 25C 24 h, 7 000 r-min”" 3) (DPS)
5 min (C, (DPS)
umol-L™") [X, mg:(100g)™"] ’
(28], 0.25 mm :
1.00 g 50 mL , 9 DPS:PE/(Q1H+P6)X100% (3)
-1 . Qm+Pe ’ Qm
, 0.01 mol-L™" CacCl, 20 mL[ )
Ca(H,PO,),H,0 (mg'L™H0 5 10 ’ Langmuir > Pe
Olsen-P (27.29]
25 50 100 200 400 800], ’
, 25°C 24h,5000 rmin”' 2 LEE 4G
5 min
[29]. 2.1
0.01 mol-L™" CaCl 2 (
. mol- aCly 5 -1
1 0.51~1.59 g'kg ',
, 20 mL 0.01 ) £ ®
1 . (CK) 8.93%, ;
mol-L™" CaCl, , 25°C 24h 5000
1 . P) X) (NPK;  NPK,)
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13 0.68~0.77 g'kg ™, , 4
) ; oM
Microsoft Excel 2007 MNPK OM) 135
SPSS22 s Origin 9.0 . k( : ) '
. kg™ 1.59 g'kg™,
1) Langmuir (29, E%8 £xe _
0=0,%(kxC)/(1+kxC) (1) Olsen-P Mehlich 1-P  CaCl,-P
.0 (mg-kg™"), C 12.76~39.47 mgkg™ 18.67~53.02
(mg-L™); Onm mgkg™  0.84~2.55 mgkg’, (OM
(mg-kg™), k ( MNPK) 95.61~99.90 mg'kg™'  192.53~232.40
) mgkg™' 30.14~44.46 mg-kg™ (P) (K)
F1 KEHATEMRLELIE T IES R KRR
Table 1  Effect of different long-term fertilization treatments on soil phosphorus status of red soil
(Olsen-P) (Mehlich 1-P) (CaCl,-P) (PSI) (DPS)
Treatment Total P Available P Double acid-extractable P Water-soluble P P sorption index Degree of P saturation
(gke ) (mgkg ") (mgkg ) (mgkg ) P (%)
CK 0.56+0.01a 12.76£1.50a 19.234+3.24a 1.03+£0.24a 28.78+0.49d 0.68+0.11a
N 0.51+0.04a 14.75+£2.47a 18.67+1.47a 0.84+0.20a 28.24+1.04d 0.63+0.14a
P 0.68+0.04b 28.134+7.10bc 46.334+4.25ab 0.93+0.20a 25.77£1.27¢ 1.47+£0.38a
K 0.69+0.01b 28.04+10.0bc 36.86x11.1ab 2.10+0.88a 22.02+0.30b 1.57+0.61a
NPK, 0.68+0.05b 20.48+5.84ab 33.11+£5.93ab 1.97+£0.32a 33.30+2.03¢ 0.98+0.36a
NPK, 0.77+0.04b 39.47+£2.95¢ 53.02+5.72b 2.55+0.53a 27.82+1.15d 2.13+0.26a
oM 1.35+0.07¢ 99.90+12.3d 232.40+48.9d 44.46+11.7¢ 11.82+0.81a 8.38+1.98b
MNPK 1.59+0.06d 95.61+£3.88d 192.53+11.5¢ 30.14+7.20b 11.89+0.65a 10.66£1.16¢
CK: 5 N: ; P ; K ; NPK;: 5 NPK;,: 2 ; OM: ; MNPK:
5% CK: no-fertilizer control; N: sole chemical N fertilizer; P: sole chemical P

fertilizer; K: sole chemical K fertilizer; NPK;: chemical N, P, and K fertilizers; NPK,: double doses of chemical N, P, and K fertilizers; OM: organic

manure; MNPK: organic manure plus N, P and K. Values followed by different letters in a column are significantly different at 5% level.
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(NPK,) Olsen-P )
(CK) N (P) ) ,
(P K NPK) Olsen-P (NPK; NPK3)
; (NPK,) Mehlich 1-P (0~400 mg-L™), ,
(CK) Ny , ;
Mehlich 1-P R (NPK, NPK,)
CaCl,-P , (N)
Olsen-P  Mehlich 1-P ,
CaCl,-P
(PSI) )
(CK) (N P K NPK; NPK)) Langmuir
PSI  22.02~33.30, (CK) (N) ( 2,
(NPK.») , 0.862~0.989, Langmuir
(NPK)  PSI : ®» K
; (OM MNPK)  PSI , (Om)  798.8~
11.82~11.89 25223 mg‘kgil, N) R 25223
(DPS) mgkg™, 1 800.5~2 053
’ . 71 . 71
. (CK) (N P K NPK, NPK, meke, (1790.4 mgkg ) ;
DPS  0.63%~2.13%, : (OM 1 MNPK) Om
(OM MNPK) DPS  838%-10.66%, 798.8~1043.4 mgkg™, k
, (CK)
(NPK; NPKy)k , (OM) k
2.2 , (N K P
| (MNPK)
) (OM  MNPK) %2 KHTEHMARIE T L%+ 195 %08 0% M
) 500, Langmuir AR ESH
o :Ellng :EPK :ngt ﬁNPK ° Table 2 Langmuir equations of soil phosphate isothermal
% I ! 2 * adsorption of red soil under different long-term fertilization
& 2000F treatments
B 10T On ® & (RS9
{i‘i‘ 'Qé Treatment I\/fiammgl P P adS(')rPtion Determination Residual
= 3 1000F a SOTPUEH affinity coefficient sum of
15::( cl (mg'kg™) constant squares
H 8 00 CK 1790.4 0.038 0923 303048
5§ L
) N 25223 0.012 0.915" 476 098
é ok P 1906.2 0.016 0.905™ 341 555
I e 8o K 1 800.5 0.014 0.862" 435 099
ST VA TR T e NPK, 2053.0 0.034 0.947" 270 532
Phosphorus concentration in equilibriun solution (mg-L™") NPK, 18365 0.028 0.952" 183 354
1 KHATE AR AL B T L1858 1 138 AY 435 550 IR P 4R 4E oM 1043.4 0.008 0.967" 31547
Fig. 1 Effect of different long-term fertilization treatments on soil MNPK 798.8 0.015 0.989" 7285
phosphate isothermal adsorption of red soil K. N P K- NP,
CK: ; N: ; P ; Ko ; . NPKy: 2 . OM: ;
NPK: ; NPKy: 2 ; OM: MNPK: P 5% 1%
; MNPK: CK: no-fertilizer control;

N: sole chemical N fertilizer; P: sole chemical P fertilizer; K: sole
chemical K fertilizer; NPK;: chemical N, P, and K fertilizers; NPK,:
double doses of chemical N, P, and K fertilizers; OM: organic
manure; MNPK: organic manure plus N, P and K.

CK: no-fertilizer control; N: sole chemical N fertilizer; P: sole chemical
P fertilizer; K: sole chemical K fertilizer; NPK,: chemical N, P, and K
fertilizers; NPK,: double doses of chemical N, P, and K fertilizers; OM:
organic manure; MNPK: organic manure plus N, P and K. * and ** mean
significant at 5% and 1% levers, respectively.
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2.3 3)3 b
( 2 , (OM  MNPK)
(OM  MNPK) , 100~200 mgL™"
, (P) (K) ; , (MNPK)
(N) (OM)
, ; (OM  MNPK) 5~10 mg-L™
) 100%,
(500 mg-kg™ ) ) 400
[ » —#CK —eN —-A-P K
, , . ;(5)8.' —o—NPK, —4~NPK, —p— OM —e— MNPK
X r

’ z 2501

o 82001

Zgsop »
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L 4= r
”ﬂi“;“ 300 xg Sof
=3 S
) 2 200 a)
= Q2 0 1 1 1 I 1 1 1 1 1
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32 100 = CK - NPK,
2 N -« NPK,
a 50 4P »>OM

-+ K - MNPK
]

1 1 1
1000 1500 2000 2500
TR O
Phosphorus adsorbed in soil (mg-kg™)

2 KEAAS[E) 7 AR X 21358 1 158 O B A SR AR IR A 52 1
Fig. 2 Effect of different long-term fertilization treatments on soil
phosphate isothermal desorption of red soil
CK: ; N: ; P ; K
NPK;: ; NPK.: 2 ; OM:
; MNPK:
N: sole chemical N fertilizer; P: sole chemical P fertilizer; K: sole
chemical K fertilizer; NPK,: chemical N, P, and K fertilizers; NPK,:

double doses of chemical N, P, and K fertilizers; OM: organic
manure; MNPK: organic manure plus N, P and K.

1
0 500

CK: no-fertilizer control;

(

3 KHEA [0t AR o 21338 - 328 R BTk AR O 22 B9 82 )
Fig. 3  Effect of different long-term fertilization treatments on
desorption rate of phosphorus adsorbed by soil

CK: 3 N: s P ; Ko ; NPK;:
s NPK,: 2 ; OM: ; MNPK:
CK: no-fertilizer control; N: sole chemical N fertilizer; P: sole
chemical P fertilizer; K: sole chemical K fertilizer; NPK;: chemical N, P, and

K fertilizers; NPK,: double doses of chemical N, P, and K fertilizers; OM:
organic manure; MNPK: organic manure plus N, P and K.
2.4 pH
CEC
pH CEC

( 3 : TP Olsen-P Mehlich1-P

F3 TIETIEBESANE. pH. CEC HHEXAREH

Table 3  Correlation between soil organic carbon, pH, CEC and soil phosphorus parameters of red soil

TSOC ASOC CWSOC HWSOC CMI pH

CEC TP

Olsen-P Mehlichl-P CaCl,-P  PSI On k

TP 0.831" 0.559” 0.877" 0914”7 0.196 0.938"

0.879"

Olsen-P  0.827" 0.553" 0943 0.962" 0.186 0.889"" 0.837" 0.962"
Mehlich1-P  0.790" 0.558"" 0.978""  0.982"" 0.212 0.896" 0.818" 0.943" 0.982"
CaClL-P  0.736™ 0.522"" 0.980" 0.969" 0.199 0.864™ 0.774" 0.891" 0.936" 0.979”
PSI -0.625"" —0.326  -0.834"" —0.841"" —-0.021 —0.889"" —0.684"" —0.886" —0.904"" -0.890"  -0.856"
On —0.700" —0.382 —0.778"" -0.818"" -0.046 —0.876" —0.711" -0.902"" -0.895"" —0.862""  -0.797" 0.877"
k -0.047 0.172 -0.301 -0.270  0.252 —0.408" —-0.139 -0.309 -0.306 -0.338 —0.336  0.504"  0.204
DPS 0.820” 0.529" 0.894™  0.923 0.161 0.923" 0.838" 09817 0.967" 0.949" 0.894™ —0.894™ —0.924™ —0.317
TSOC: ; ASOC: ; CWSOC: ; HWSOC: ; CMI: ; TP:
; Olsen-P: ; Mehlich1-P: ; CaClp-P: ; PSI: 5 Om: s ke ; DPS: TSOC:

total soil organic carbon; ASOC: active soil organic carbon; CWSOC: cold water abstracted soluble organic carbon; HWSOC: hot water abstracted soluble
organic carbon; CMI: carbon management index; TP: total phosphorus; Olsen-P: available phosphorus; Mehlichl-P: double acid-extractable phosphorus;
CaCl,-P: water-soluble phosphorus; PSI: phosphate sorption index; On: maximal phosphorus adsorption; k: phosphorus adsorption affinity constant; DPS:

degree of phosphorus saturation.
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CaClL,-P PSI DPS O, (TSOC) ., Us V)
(CWSOC HWSOC) pH CEC Vs
5 , Ui Vi pH
(CMI) ; TP Olsen-P Mehlichl-P CEC CWSOC HWSOC ,
CaCl,-P DPS (ASOCQ) pH, U, 1 Olsen-P Mehlichl-P
) DPS Qm ASOC CaC12'P DPS ) 5
) pH  PSI 09 U W CEC
, ¢ 35
HWSOC , TP Olsen-P Mehlichl-P Table 4 Canonical correlation coefficient between soil organic
carbon, pH, CEC and soil phosphorus of red soil
CaCL-P PSI DPS  On pH CEC
TSOC .k ‘
Canonical Can()ln1f:al Chi-square  Degree of P
CEC vector corre'at'lon value freedom
coefficient
2.5 pH 1 0.997" 141.501 56 0.000
CEC 2 0.951" 64.324 42 0.015
3 0.893 29.090 30 0.513
, 1:)H 4 0.457 5.196 20 1.000
CEC 7 5 0.283 1.689 12 1.000
( 4)’ 1 2 6 0.170 0.441 6 0.998
7 0.011 0.002 2 0.999
0.997 0.951, R
x5 MIETHIEAHE. pH. CEC. TIE#HZiir5H
| ) BT R (6B
Table 5 Correlation between soil organic carbon, pH, CEC,
U,=0.086.X,-0.054X,-0.81.X5+0.08 X;+0.085.X5— soil phosphorus parameters and canonical variables of red soil
0.314.%s—0.066.%7 (4) Canonical variable
V1=0.039Y,+0.282Y,-0.756Y5—0.303Y,+0.114Y5— P
arameter U, 14 U, 43
0.073Y5-0.007Y7-0.234Y; ®)]
TSOC -0.767 —-0.765 0.379 0.361
Uy=0.673X,-0.437X,—3.812X3+2.533.X,+0.285 X5+ ASOC 0.537 0.535 0238 0227
0.363X:+0.739X5 ©) CWSOC _0.983 _0.980 0'098 0'094
V,=3.212Y,+1.024Y,-2.412Y;-0.343Y,+0.676 Ys— HWSOC ‘0'981 ‘0'978 ‘0'019 ‘0'018
0.244Y,~0.018Y,—0.91Y; (7) ' ' ' '
U v H CEC CMI -0.199 -0.199 0.092 0.087
P pH -0.904 -0.901 0.259 0.246
. CRED. CHED. C NP, CRND. R, CIP. € CEC -0.805 -0.803 0415 0.395
(TSOC) (ASOC) TP -0.931 -0.934 0.335 0.352
(CWSOC) Olsen-P -0.964 —-0.967 0.150 0.157
(HWSOC) (CMI) pH Mehlichl-P -0.993 -0.996 0.037 0.039
CaCl,-P —-0.986 -0.989 -0.070 -0.073
CECy i 1 3 Yy s Y 17 Ty PSI 0.894 0.897 ~0.063 ~0.066
(TP) (Olsen-P) (Mehlichl1-P) Onm 0.843 0.846 -0.265 -0.278
(CaCl,-P) (PSI) k 0.367 0.368 0.176 0.185
(Qm) (k) (DPS) DPS -0.939 —-0.942 0.253 0.266
TSOC: ; ASOC: ; CWSOC:
; HWSOC: ; CML: ; TP:
30] Ul CWSOC ; Olsen-P: ; Mehlichl-P: ; CaCl,-P: ; PSIL:
pH , Uy CWSOC HWSOC 5 Om 3k ; DPS:

;: Vi Olsen-P Mehlichl-P CaCl,-P
,V, TP Olsen-P Mehlichl-P  DPS

Ui

TSOC: total soil organic carbon; ASOC: active soil organic carbon; CWSOC:
cold water abstracted soluble organic carbon; HWSOC: hot water abstracted
soluble organic carbon; CMI: carbon management index; TP: total phosphorus;
Olsen-P:  available phosphorus; Mehlichl-P: double acid-extractable
phosphorus; CaCl,-P: water-soluble phosphorus; PSI: phosphate sorption index;
On: maximal phosphorus adsorption; &: phosphorus adsorption affinity
constant; DPS: degree of phosphorus saturation.
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pH CEC 1 , 33]
U, 2 U, pH CEC Olsen-P  50~70 mgkg™
61.6%  6.5% , (€]
61.2%  5.9% ; , Olsen-P 50~60 mgkg,
1 12 V, (PSI) 23.46
79.0% 4.3% , Olsen-P  95.61~99.91 mgkg™,
pH CEC 78.5% 3.9% PSI 11.82~11.89, ,
s DPS  8.38%~10.67%,
3 1-‘-,'.1@ ) [34]
3.1 260 mgkg™' DPS 28%
, (19 DPS
12.87% Olsen-P
> CaCl,-P DPS ,
, Olesn-P  Mehlich 1-P 351 ,
, CaCly-P P,05 52.5 kg'hm 2, MNPK
PSI , 82.5 kg-hm™, ,
PSI, PSI , [36] [1 ,
PSI , PSI B37
PSI,
PSI ( ,
2 , Langmuir NPK;
Onm k ), 3.2
, Langmuir
DPS
Olsen-P Mehlich 1-P ,
CaCl,-P , , Langmuir
NPK, B On ,
> k Qm B k B
[32] [8]
, (NPK; NPK,)
; On Kk
, , (OM  MNPK) ,Om k
[31] (OM
MNPK) , Olsen-P R
Mehlich 1-P CaCl,-P , ;
(PSI) , (DPS) (D , (NPK; NPK),)
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[38]

[39]

33 pH CEC
pH CEC
, CEC
) pH

B >

TP Olsen-P

Mehlichl-P  CaCl,-P pH ,
[11]

[40]

1301 pH CEC
, CWSOC pH
U, Olsen-P Mehlichl-P  CaCl,-P
vy 0.997, CWSOC HWSOC
U, TP Olsen-P Mehlichl-P DPS
V) 0.951
pH

, TP
Olsen-P  Mehlichl-P CaCl,-P DPS
, PSI On

, Olesn-P Mehlich 1-P s
CaC 12 -P . DPS

) PSI,
) PSI,
; (
Olsen-P  Mehlich 1-P  CaCl,-P
R PSI R
DPS ,

Olsen-P Mehlich 1-P  CaClL,-P
(CWSOC HWSOC) ,
TP Olsen-P Mehlichl-P CaCl,-P
PSI DPS Onm
pH CEC TSOC
s Olsen-P Mehlichl-P CaCl,-P 1
14 pH HWSOC U
0.997, 79%
pH CEC 61.6%
HWSOC CWSOC) U, W ,
pH
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