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Abstract: [ Objectives ] Phosphorus (P) is often deficient in yellow soil, improving P efficiency in crop
production is greatly concerned in researches. The effects of fertilization patterns on the dry matter and P
accumulation and translocation in rice were compared in this paper, aiming to setup rational P fertilization in
yellow paddy soil. [ Methods ] The study was based on a successive 22-years’ field experiment in the yellow
paddy soil. Six treatments were chosen from the experiment, they were blank CK, NK, NPK, manure alone (M),
0.5 MNP and MNPK. Except CK and MNPK, NK, NPK, M and 1/2 MNP had the same N input of 165 kg/hm’,
and P,O; input of 82.5, 79.4 and 81.0 kg/hm® in turn. MNPK treatment had N and P,O; input of 331 and 161.9
kg/hm’. Rice aboveground parts were sampled at tillering, flowering and maturity stages, the grain yield, dry
matter and P contents were measured. P accumulation and transfer characteristics, P uptake and utilization
efficiency were calculated. [ Results ] Rice yield, dry matter and P accumulation ranked as follows: MNPK > M
> 0.5 MNP > NPK > CK > NK. Compared with dry matter accumulation, the start time (¢,) and the end time (#,) of
P accumulation during fast-accumulation period advanced 2—8 d and 5-20 d, and the duration (A¢) of P
accumulation in fast-accumulation period was shortened by 4—12 d, which indicated that the P accumulation
was faster than dry matter and lasted for a shorter time. In contrast to the CK and M treatments, the ¢, [days of
the maximum dry matter accumulation rate (V,,) occurred], ¢,, ¢, of dry matter accumulation in the treatments with
chemical fertilizer application (NK, NPK, 0.5 MNP, MNPK) lagged 5-10 d, 1-4 d, 616 d, respectively. The At
of dry matter and P accumulation also prolonged 1-14 d and 1-15 d, respectively. The V,, of dry matter and P
accumulation ranked as M, MNPK > 0.5 MNP, CK > NPK > NK. Dry matter and P accumulation amount of
rice grain were mainly derived by post-anthesis period dry matter accumulation and pre-anthesis period P
translocation, respectively. The post-anthesis period dry matter accumulation rate of each treatment was
29.5%-43.4%, and the treatments with chemical fertilizer had significantly better effect than that of CK and M
treatment. The pre-anthesis period P accumulation rate of treatments was 60.5%—85.6%, and the order was CK
> NPK, M > NK, 0.5 MNP, MNPK. Compared with the NPK treatment, 0.5 MNP and M treatments
significantly increased the P absorption efficiency, P partial factor productivity and P utilization efficiency by
0.43 kg/kg, 48.9 kg/kg, 40.8 percentage points and 0.26 kg/kg, 32.2 kg/kg, 25.3 percentage points,
respectively. [ Conclusions ] Long-term P deficiency was not conducive to dry matter accumulation in post-
anthesis period and P accumulation in pre-anthesis period, which seriously restricts the improvement of rice yield
and phosphorus uptake. Long-term solely application of organic manure could promote the dry matter and P
accumulation and transport in pre-anthesis period, but restricted those in post-anthesis period. Long-term solely
application of chemical fertilizer could prolong the Az of dry matter and P accumulation, but the V,, was small.
Long-term integrated fertilization with organic manure and chemical fertilizers could promote the dry matter and
P accumulation both in pre-anthesis period and after-anthesis period, leading to high grain yield and P use
efficiency, which is the best fertilization pattern in yellow paddy soil.
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R - PEEAE 40% : 60% Y HL 14> PR VRGBT . 4%
b FRFE 53 A K it FH 8 WL 1

ARG FOK R SRR AR 1087, FRIGEE N
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Table 1 Nutrient application rates of different
fertilization patterns

fp A A SIRMEARE (kg/hm?)
Ak Cow manure Total nutrient input

Treatment 5

(thm?) N P,0, K.0
CK 0.0 0.0 0.0 0.0
NK 0.0 165.0 0.0 82.5
NPK 0.0 165.0 82.5 82.5
M 61.1 165.0 79.4 366.6
0.5 MNP 30.6 165.0 81.0 183.3
MNPK 61.1 330.0 161.9 449.1

TH4H, FEBBEERDN 8 A 22 H, KRR
TR R FH AT MK L rP3u e H RS 30 ss B K
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T2 KRB R 5 o KR /N X 3k T
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[T (W) PR — JFAE T () FR R o
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B E TYIR (W) Fiz 5 (%) = TH (BF)
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Table 2 Chemical properties of soils in different fertilization treatments in 2015
b AP (g/ke) A (g/ke) A (mg/kg) A (mgkg) TR (mg/kg)
Treatment pH Organic matter Total N Alk. -hydr. N Available P Available K
CK 7.02b 438¢ 1.87¢ 110.2 ¢ 11.2d 125.0 ¢
NK 6.83 ¢ 448 ¢ 1.90 ¢ 1204 ¢ 7.1e 130.0 ¢
NPK 7.01b 45.0c 1.88 ¢ 115.0c¢c 177 ¢ 1225¢
M 723 a 58.7a 259a 1609 a 23.6b 2383 a
0.5 MNP 7.14 ab 51.6b 2320 148.0b 22.7b 185.0b
MNPK 7.13 ab 579 a 2.62a 159.5 ab 42.6a 262.5a

H (Note) : FFEHE G AF/ING FHR R 22 573K 0.05 2 /K Values followed by different small letters represent significant

difference among treatments at the 0.05 level.
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MR (kg/kg) = MEMRHE AW R i x
2.29/ )it

WAL A T (kg/kg) = FFRL™ i/t i 5

WEAE R (%) = (il b B i — NK AR
Wite) x 2.20/jti i ;

BT (Logistic) HfE y=Kk/[1 +e@™], H
t, Fll ¢, 4 Logistic AR M3 00, R T
P (W5 %) AR B Pes B K W HF IR B E] 7, (d) = (a —
1.317)/b] &5 A [2, (d) = (a + 1.317)/b]; At T4
B (B 2R) PO KR, At d)=t,—1; V., AT
Bt (B 3R) BE KR, ¥, [kg/(hm*d)] = (k x b)/4;

*3 TRIMERENKTE

to NI (BER) LR R HER W BIRE], ¢, (d) =
a/b,
1.5 BIESR

06 B HE R B Excel 2010 B4 HEATiH 2 408 ,
FIFH SPSS 20.0 Fl DPS &K F#E 4781143 M 1 ok B
W, ZREBEMW08A Duncan FrE 20, BEMH
KA EN a=0.05,

2 SPRE

2.1 AEHEEIRR XS =8 KA E R
M6 3 AT, &AbFE 2016 4F KRG SL R w28 4k
B 2015—2017 =4 FIEBEH—E, 5 NPK
ALEAREL, CK FTNK AbFE 2015—2017 4F K6 52 b
PREAE A IR T 8.8% H115.9%, M. 0.5 MNP,
MNPK A H 250 T 6.1% . 12.3%. 25.1%, Af
D, AR I AN it A D G 2 AN it e A T e IR K e =
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Table 3 Yield and its components of rice under different fertilization patterns

HRREE T-hiE . 2016 4EF= 1t 2015—2017 45447 4
4b3R . o FERIEL o .
Effective spike 1000-grain weight . . Yield in 2016 Mean yield from 2015 to 2017
Treatment Grain number per spike

(x 10*hm?) (2) (kg/hm?) (kg/hm?)
CK 2009 b 327a 1343 ¢ 8114 7694 b
NK 184.4b 31.6b 1353 ¢ 7890 7088 b
NPK 191.0b 31.6b 161.7 a 9782 8432 ab
M 259.1a 29.0d 146.6 b 10383 8948 ab
0.5 MNP 243.6a 302¢ 142.7b 11141 9471 ab
MNPK 264.1a 30.0¢c 144.5b 11927 10546 a

H (Note) : [RFVEEE G ARG FREFR RS BEE 2% 535 0.05 837K F Values followed by different small letters represent significant
difference among treatments at the 0.05 level.
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Fig.1 Dry matter accumulation amount of rice
in different growth stages

NPK. 0.5 MNP, MNPK #bBE47T 5~10d, TH
R PG I TF AR I T (¢,) FNZE I 8] (1) 2535
LRI 1~4 d F6~16d. TP KH2 (A)
H38~52d, LLCK. M fil NK 4b B % 45,
MNPK F1 0.5 MNP Zb P HK , NPK ZbHEfAC . T4
i KK R (V) K 211.3~325.8 kg/(hm?-d), 4b
P E] I 9 NK . NPK < CK. 0.5 MNP < M,
MNPK, X i CK Al M Ab B a] 7 J fisf i) P e s
ZTY5, 0.5 MNP Fl MNPK 4K B[] 9 DL &
MR Z T,
2.3 ARIMEERNK K FE TR RN

ARl AT KRS T B s sz % (G5 5),
CK Al M A SR A F) TAERT T Y B LS, NPK 4b
PN AR TAERE TR R, 0.5 MNP F1 MNPK
AEEAE AL JS T A SR Y H R, T NK Ab 3
FEHTAAE S TP AR R K, CK. M, NK 4t
B A TAERT T %58, T e is i X FF
R TTHR 2 ik 28.1%~42.0%, NPK. 0.5 MNP,
MNPK LB G2 X FPRL DTRRRACN 13.5%~
21.3%, (HILAESS T4 BORR B2 3 XP AL 1Y) BTRR R 157 1K
78.7%~86.5%, A5 AbFRAE I 9 R B XAk BT
R (58.0%~86.5%) ¥ 15 T T4 it i iz 1 XpFF b 53
HRR (13.5%~42.0%), fEJ5 T R 2 204 K
Ry oL,
24 AEMEEERIKEHZEREZENTN

A [ i T Ak B %) 7K e ol 2R AR R i A B A2 Ak
MAES TR —8, HRIChRE I as, 7
WK IIR R K (81 2). ZrBEWL . FFAER] . BUABE R
FRZ 53914 0.80~3.88 kg/hm?, 11.5~34.3 kg/hm?,
19.0~51.7 kg/hm?, 45 B B AR BM it H A 1L

F4 KETYRRELRERBXRSH

Table 4 Logistic equations and parameters of rice dry matter accumulation

4b3R AR

Treatment Logistic equation K b b L At Vo

CK y =15957.1/[1 + e*72-0079] 0.9999* 68 49 87 38 276.4
NK y=13170.7/[1 + e“68-00680) 0.9999" 73 52 93 41 211.3
NPK y =17349.3/[1 + e(:82-0059] 0.9992" 76 50 102 52 217.7
M y =19683.5/[1 + e*28-0079] 0.9998" 66 46 86 40 320.1
0.5 MNP y =19274.7/[1 + e*12-0061] 0.9996" 73 50 97 47 271.2
MNPK y =21550.9/[1 + e*34-0069] 0.9999" 75 53 97 44 325.8

# (Note) : +— /KFFFEHG KA Days after transplanting (d); y— 7KFG T4 51 2 & Dry matter accumulation (kg/hm?). **— P < 0.01;

*— P<0.05.
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Table 5 Dry matter accumulation, translocation amount and contribution rate to grains in different fertilization patterns

FUEE (ke/hm?) B (%) ) ) XHRRLTTRE (%)
Accumulation amount Accumulation rate iz iz Contribution to grain
Kb Translocation ~ Translocation
e s I iz it VIS S
freatment 7ERD = fen = " o Translocation Post-anthesis
2 (1) =
Pre-anthesis  Post-anthesis  Pre-anthesis Post-anthesis (kg/hm?) (%) .
amount accumulation
CK 10617 ¢ 5058 ¢ 67.8a 3220 2853 b 26.2 ab 36.0a 64.0d
NK 7646 ¢ 5102 ¢ 589b 40.1a 2003 ¢ 27.1a 28.1b 719¢
NPK 9057d 6983 b 56.6b 434a 1800 ¢ 19.8 be 20.6 ¢ 7940
M 13545 a 5758 ¢ 70.5a 29.5b 4157 a 30.2a 42.0a 58.0d
0.5 MNP 10896 be 7438 b 59.2b 40.8a 2013 ¢ 18.4 cd 213 ¢ 78.7b
MNPK 11702 b 8900 a 57.0b 43.0a 1394 ¢ 12.1d 13.5d 86.5a
H (Note) : [FFNVEHE G AF/NG FREFRRASBEE 22 535 0.05 835 7K Values followed by different small letters represent significant

difference among treatments at the 0.05 level.
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Fig. 2 P accumulation amount of rice in different
growth stages
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AT Logistic RS (R 6), ARIEHRABER
TR P E REL (R?) 49353 1 25 50 0 2 7K F
MR AL S ELAT 40, CK. NPK., MARHIREE R A2
e S B A] (4,) %8 NK, 0.5 MNP, MNPK At
PREEHT 6~14 d, BEREF BRI KRR (1)

SERATE] (1) WA BIHERT 2~12 dfl 7~18 d., BEZE
Pd e K FR 22 (Ar) Jy 28~42d, DI CK &%, M
I NK Ab¥EHE X, NPK. MNPK. 0.5 MNP 4345
K, BERRER I RKHE N NK<NPK<CK, 0.5
MNP <M., MNPK.,

2.5 AEFERER T KIEHEREENEN
At EAL B, NK AR FE AL R R R H

*6 KEMBENBRFEREXSH

Table 6 Logistic equations and parameters of rice
P accumulation

b3 PRI R
. . R? t ot t, At V,
Treatment Logistic equation
CK y =25.8/[1+eG35-0099] 1,0000™ 59 45 74 28 0.60
NK y=19.48/[1 +e®17-0079]1 0.9999 73 54 91 37 0.34
NPK y=30.9/[1+e*02-0069]1 0.9999" 62 42 83 41 0.50
M y =44.5/[1+e*47-0079] 1,0000™ 61 43 79 36 0.81

0.5 MNP y=40.3/[1+e*15-0060] 0.9999" 68 47 90 43 0.61

MNPK  y=53.1/[1 +e#7-0079] 1,0000™ 72 52 92 40 0.87

H (Note) : t— KFEHFJG KEL Days after transplanting (d);
y— KFEE R AL B 4m P accumulation amount of rice.

b 35 AR 47.5%~64.2%, T CK Ab B AL J5
R, b P i R 49.3%~80.6%
(F7); WHABEAEALFE T, M AHAERTHE R B R R
L ALE R BRI AL, i A2 AT ) b 2R
H, AERTRIAE S T4 TR B RIS MNPK > 0.5
MNP > NPK. #&AbPEIERT R BLE R (60.5%~

85.6%) i T AL B R LR % (14.4%~39.5%), 1L
A 2 A B R K R A AR B R 1 Bk E, CK. M.,
NPK AZbBEAERT#EE AL S5 F NK, 0.5 MNP, MNPK
W3, AEJE R BRI . T ¥ B %38 4t L
M AbFREE R, CK. NPK. 0.5 MNP, MNPK ZbFEHYK,
NK 2L, B9z 0 R A NK > CK >
NPK > M. 0.5 MNP > MNPK., £%4&b 3k 2 4% iz 50t

FPRLTTRRZE (49.1%~83.4%) ¥ TUE R TR Rix
SRR TTRRER (16.6%~50.9%), AL RS 24515 0 12
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Table 7 P accumulation, translocation amount and contribution rate to grains in different fertilization patterns
R (kg/hm?) BURR (%) XPFRLTTIRSS (%)
Accumulation amount Accumulation rate iz it fein Contribution to grain
QbR Translocation  Translocation
TN =N f=CE=N
Treatment TERT W viAil W amount rate Trjijlfciion :Ef :;‘ti ?::S
2 () =
Pre-anthesis  Post-anthesis Pre-anthesis  Post-anthesis (kg/hm?) (%) .
amount accumulation
CK 21.9d 3.8d 85.6a 144 ¢ 18.5b 84.5Db 834a 16.6 d
NK I1.5¢e 75¢ 60.5¢ 395a 10.1¢ 88.0a 574c¢ 42.6b
NPK 22.6d 7.8¢ 74.6 b 254b 17.7b 782 ¢ 69.7b 303 ¢
M 343 a 9.8¢ 77.8b 2220 249 a 72.6d 71.8b 282 ¢
0.5MNP 259 bc 1320 66.3 ¢ 33.7a 189b 73.0d 589c¢ 41.1b
MNPK 32.1b 19.6 a 62.0 c 38.0a 19.0b 59.1e 49.1d 509a
H (Note) : [FFNVEHE G AF/NG FREFRRASBEE 22 535 0.05 835 7K Values followed by different small letters represent significant

difference among treatments at the 0.05 level.

K RE R O E S, CK. M, NPK ACFE G A ) F
AEHTHE R MR RG I5 , W 3R e 1s 1 RPRPRL Y DTk 3
51K 69.7%~83.4%, NK. 0.5 MNP, MNPK 4Pk
R I8 X FFRL I DT RR AU, 49.1%~58.9%, (HIH:
165 BE R R R REXTAPRL Y TTHR 3 38 41.1%~50.9%
AIDL KRR AR R A 25 PR SR RN 8 A7 PR 2R R A+
Bk F KL, i eI AT — AR AR
AT FIAE S B AR R, A LI it FH s A
BERA R Sy, IR KT B R AR S B R
R iE, LRI R s R, kA PSR
JEARIE (NPK) B A ) 4 2 46 11 22 B 8% AL T
W R % iz s XPAFRL A TR, A HLICHLIEC it D) B
AR T2 AR W3R AR R R S H AR JE i R AR Rt
FERLI DTHRE
2.6 A[E)7EARARE R X ARF A RO S2 0

2 AL BB AL ISR R 0.73~1.27 kg/kg, M 4b
FHAREE 0.5 MNP, MNPK, NPK ZbFE i E 45 15.5% .
73.9%. 51.2%; ASALBRBEAC IR L= S8 127.1~242.9
kg/kg (£ 8), M H1 0.5 MNP 4bBE#EAE A A 7 143 51
Ft MNPK &b P i E 42 55 91.1% £1 78.0%, Lt NPK
b P B 25.2% H1 16.6%; 4540 BEBEAE A R
DI M AbPRER R, 0.5 MNP Al MNPK 4h#iH: K, NPK
Ab PRI

3 i1

PR ML 50 70— T S BRAR AR T AR R R AR R
ARDL,  ELEARR L L 35 5 W) o ) ALz B e 3
REVRY 5 A5 R Wit A HILAIE e HO A HLGHL

® 8 AEIEAEAR X K FE SR IR U F R B R

Table 8 Effects of the different fertilization patterns on
P absorption and utilization efficiency of rice

sty BEAC AR WAt A 7 WA AR

] PAE PPFP PUE

Treatment
(kg/kg) (kg/kg) (%)

NPK 0.84 ¢ 194.0b 3l.6¢
M 1.27 a 2429 a 724 a
0.5 MNP 1.10b 226.2 a 56.9b
MNPK 0.73d 127.1 ¢ 46.2 b

¥ (Note ) : PPFP—P partial factor productivity; PAE—P

absorption efficiency; PUE—P utilization efficiency.

B it ] B2 i K R T AR R AR, T AN AR B
AN it ol HE K R T o R SR i R = i I KR R R, 5
HEABFFE G R—3, FPRE S BT 2R T 46
JE A R R BRI SR E i, K28
R R0 IR 2 AN A T B R i S
@Fﬁa‘é%%ﬁ%tﬂ, ARG R MR, b2
1 J5 T4 B R 22 X R R 5Tk (58.0%~86.5%) 1
T TV B i X FFRLTTER R (13.5%~42. 0%)
CK. M. NK 4t 3 ¥y o P 8 52 i [) s 44

T4 o PR G K RS ) R A ﬁ'ﬁizﬁu?%ﬁ@
FRE R K HZ R, NPK. 0.5 MNP fil MNPK
A B PR B SR (1A FE L LT A b
RARFLLI R A, PR SE A R T34 A 5 T4 AR
BRI AR is . A4 T IHRE , 0.5 MNP
I MINPK b B ] {2 3 48 5 T4 ot )RR 3R B L 1) F b
Wiz, HALRT TY A R s, HrlReny s
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FEACH Ty, e e MG R ke, SR
RS S E R e — 2, AR TR IR
SrEMCRI T, B T B R AR, NI S KA
R BE T BERL s S —TOr T, AHLEHLIERC S
Jit 11 B RE PRAIE— R M0 f9 A 280 BE AR A, L5 1
KRR RIR IR, SERAEROCE 1R AL, fRiE
KREER LT R TRA B R . §i A HLIE B AR
BFERE TR TR RE, B KA S0
B, B b TAER SR A R T BURFRLRE SR 2L
AT T R S A

TR LR BR S R R REY], I*F
RRPGE THEYRENRR, RA SR
R, AT ST AN AL AL BE T R R
77 i 249 40 AR T A b B U B TR R R R
IKFAER KB . AOTERY], 2540 B R
R FARGH I A TF Iy B ] 60 285 TR [R] 1L T S AR SR R
ST I (1) A5 SRR 6] $2 T 2~8 d F1 5~20 d,
IER7 3 NVSURAE SRS URR a7/ IDiRVS USRS g2
M T 4~12d, BEHTYIERMBER R B EE e
A, BERPER R T TR, TH R R
FPEEIS IR B, X I o X R T B R 1
Sl , SRR N TYRMRRM TE SRR, 1
Hb, AW B R e iz BRI ST S TR R
PR LR XPAFRLI TR, 5 THRAE R T 5
BB XRFARL Y BT RR R = T ) R X Rk Y 5T
BRAHE , X5 K0 BT 4 R —3, Wiz
FFRLY BT RRK T T S5 a8 RPAFRL I BTk, L2

A P AR Tl 2R R 3R S 1) KA ds X 7K A A
FRAERKE R T, 06 IRABE A i F 8 IR T A —
FEFRRE RS AERT AL e B R LR &, A PUIEHEH
WAL AT R Ry, LR K
R R RS, AR Rk,
A HLIE A HUiE LI (NPK) 554 A T2 2 16 R 2 1m)
RISz, A HLTCAHLECIE 7T 2 2 78 J5 R R i
R, 38 3 A 5 43 A FE AR 43 B 43 B T B RN
BEREMEE S IR ZRINHEXR (£ 9), T
TR B R ERTAE S R S pH. 2%
MANRKRRES, TORMBERAHEREY
pH. AR FIA HLT I 2 B3 (P < 0.05) bl i 3%
(P<0.01) IEAHIC, pH FIAHLET 3 L5 M £ Hi T4 o
FBEZR A 2R, A R 5 e 48 5 T8 BB R
AR . AR R RN T R AR S T
I B B AR, AR RO R I
TR RIS, AR, pH EXTTH i
R SRR AR R R, i Rk
YHEE T BB R R e g mE K, §iscare
T, KRR MBS ARG T4 B AR R RAE wE
R s B Y, i A HLUIE AT G 2 4 g
pHE . A&, AR EE, A8 TR TY A
W 2 A B B S L kPR (R B Az, T AS it i I -
pH {H AU B AR, B AR TKRE TP A R
W R B He kPR G iz . PTOL, BESEMEK RS £
X, B R RS T4 o R R R A R R
filt, Al AE = v AL BEIE A, H o TR R
BT TR, IO ISR E ., 1ok,

®9 THRMBERRSIREFIHXER

Table 9 Relationship between dry matter and P accumulation and soil nutrients

pH F 3 Available P A LT Organic matter
i WXERE AR WXRM  HEBERRK WXRM  HEBEREK

Index Correlation Direct path Correlation Direct path Correlation Direct path

coefficient coefficient coefficient coefficient coefficient coefficient
T B R i DMA 0.919* 0.564™ 0.908" 0.529™ 0.883" —
AEHT T BT SR 5 PDMA 0.948" 0.948" 0.610 — 0.829" —
)G TH iR it ADMA 0.450 — 0.886" 0.886™ 0.540 —
BERPURE PA 0.863" 0319 0.949* 0.58" 0.922* 0.19
TERTHE RS i PPA 0.964" 0.964* 0.790 — 0.865" —
WEHERM B APA 0.480 — 0.920" 0.92" 0.760 —

1 (Note) : DMA—Dry matter accumulation; PDMA—Pre-anthesis period dry matter accumulation; ADMA—After-anthesis period dry
matter accumulation; PA—P accumulation; PPA—Pre-anthesis period P accumulation; APA—After-anthesis period P accumulation. *—P <
0.05; **—P<0.01.
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ARG FE T, WAL WSCROR R NE G A= 7 S 25 DA s
Jite AE £ () MNP K Ab B 5 4%, 1 i S R 23 00 LA
NPK A FERAR, M 1 0.5 MNP Ab B8 P Wz 3%
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ek v A 0 it A R 389 A ) e e R AR A
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117 A2 12 KR 9 Joi R 2R ) A 2R e L e R 1
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11.6%~13.7%, T ASAHF 57 45 A BRB RE A FH R 2 5
T 30%, BMAWFFEHET 22 45 NK A EAE A XF
R IS 117 75 i W w1 7 N [ N S B € 2 5
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