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Abstract: [ Objectives ] We studied the changes in wheat grain yield and NPK concentration due to test-
integrated P application at different soil available P levels. The study aims to provide information on the efficient
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and green production of wheat. [ Methods ] Wheat field experiments were conducted in 49 locations in China’s
northern wheat production region from 2018 to 2020. The treatments were farmers’ fertilizer application rate (FF),
recommended P fertilizer application rate (RF), and using test-integrated fertilizer application, and no P
application (RF-P). The P,O; rate in RF was reduced by 60 kg/hm’, corresponding to 46% lower than the rate in
FF. The grain yield, yield components, grain N, P, and K concentration, and P uptake and utilization by wheat
were analyzed under different soil available P levels. Soil samples were collected at harvest stage of wheat to
measure available nitrogen, phosphorus and potassium content in soil [ Results ] The minimum grain yield
(5155 kg/hm®) was recorded when soil available P was lower than 15 mg/kg, and the maximum (7217 kg/hm®) was
observed at 25-30 mg/kg P in the soil. Higher soil available P did not increase grain yield sustainability. The
observed reduction in grain yield was due to a significant decline in spike number and 1000-grain weight.
Across the soil available P levels: <15, 15-20, 20-25, 25-30, and >30 mg/kg, the wheat yield in RF was similar
to FF. However, P fertilizer uptake efficiency (1.03 kg/kg) and P partial factor productivity (104.7 kg/kg)
significantly increased by 119.6% and 112.2% in RF compared to FF. Grain N, P, and K concentrations were
similar in FF and RF. When the soil available P was <15 mg/kg, 15-20 mg/kg, and >30 mg/kg, readily
available K was 156, 171, and 200 mg/kg, respectively. Wheat yield significantly decreased without P
application. However, no yield reduction was observed when soil available P was 20-25 and 25-30 mg/kg with
147 and 158 mg/kg soil readily available K. An increase in the soil available P led to a corresponding increase
in grain P concentration and a decrease in grain N concentration. The grain K concentration reached the highest
value when available P was 20-25 mg/kg. [ Conclusions ] In northern China, high soil available P may
deteriorate the N nutrition of wheat. Reducing P fertilizer rate could promote wheat yield and increase fertilizer
P efficiency. 20-30 mg/kg soil available P is suitable for enhancing high wheat yield under reduced or no P
application. Wheat yield may decline without P fertilization when soil available K is higher than 170 kg/hm’.
Therefore, the P fertilizer application rate should be recommended based on the target of wheat yield, grain
nutrient concentration, and soil available P and K. This could help rationalize fertilizer application, stabilize yield,
improve quality, efficiency and green agricultural production of wheat in northern China.

Key words: soil available phosphorus threshhold; wheat; grain yield; grain nitrogen, phosphorus and potassium
concentration; test-integrated fertilizer application
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Fig. 1 Yield frequency distribution and frequency distribution of soil available P concentration in 0-20 cm
soil depth of famers fields in the northern wheat production region of China
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Fig. 2 Response of grain yield (a), aboveground biomass (b) and harvest index (c) of wheat to
test-integrated fertilizer application at different soil available fertilizer levels

[ (Note) : RZELFI/RTIEHFRMEZ Error bars are standard deviations of the means; FF—Farmers’ fertilizer application rate;
RF—Recommended P fertilizer rate by the test-integrated fertilizer application; RF-P—Delete P from fertilizer recommendation; #f_F AR [E/NE

FRERIR AL B 2 [A] 22 5 B3 (P <0.05), AN

B R OR AR R A KT 2 (8] 22 5 5.3 (P < 0.05) Different lowercase letters above the bars

represent significant difference among treatments ( P < 0.05), and different capital letters in the bars indicate significant difference among soil

available P levels (P < 0.05).]
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Table 1 Spike number, grains per spike, and 1000-grain weight of wheat at different soil available P levels
in northern wheat production region of China

A %L Spike number (x10%hm?) FRI%L Grains per spike T-kiTE 1000-grain weight (g)
avaisl;)llalle U)oy T G o S £ B (O A ) G i ) G o S (0 I () 0 % 0 R E o W
(mg/kg) FF RF RF-P  Average FF RF-P Average FF RF RF-P Average
<15 424 a 429 a 394b 416D 29a 29a 29a 29C 43.1a 43.0a 433 a 432 A
15~20 469 b 508 a 463b 481C 3la 3la 30a 30B 433 a 43.0a 424 a 429 A
20~25 565b 588ab  632a 591 A 30a 29a 28 a 29C 41.5ab 41.1b 42.7a 41.7B
25~30 540 a 571 a 593a 567 A 32a 32a 3la 32A 41.8b 40.8b 43.0a 41.8 B
>30 529ab  554a 496b 530B 30a 30a 29a 30B 383a 37.6a 36.4b 375C
1
Average 483ab 504 a 474 b 30a 30a 29a 419a 415a 42.1a

7 (Note ) : FF—Farmers’ fertilizer application rate; RF—Recommended P fertilizer rate by the test-integrated fertilizer application; RF-
P—Delete P from fertilizer recommendation. [Fl4T8E G A F/ING FREE R Z [ 2527 B3 (P <0.05), FRFEIREARRKE FHRRAR
A MK Z M 225 B3 (P < 0.05). Values followed by different lowercase letters in a row indicate significant difference among treatments

(P <0.05), and different capital letters in a column indicate significant difference among different soil available P levels (P < 0.05).
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PSS W it I A I 2 AT 3.9%

2.5 WIEHERES A NEFE SRS EC T

HRUWEAE 15~20 mg/kg B 3 /A PRS- 25 1|
R R i, B AOWE<15 mg/kg I bR A A
% ARBEA T 25~30 mg/kg V- Bk 5 5
=, A RUHE>30 me/kg BFERAIR (3% 2). BRA RUEE#E
15~20 mg/kg Wi it A Ak 24 ) 2 S 450 A it A 43
I 7.0% 4, HABGRBKF —HF 2R RE, A
BOAE<15. 15~20 F1>30 mg/kg I, Wi JCHab B
A R AT e A A e I O i > 7. 1% . 15.8 F
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Fig. 3 Response of grain N, P and K concentration of wheat to test-integrated fertilizer application at different soil
available P levels in northern wheat production region of China

[# (Note) : FF—Farmers’ fertilizer application rate; RF—Recommended P fertilizer rate by the test-integrated fertilizer application; RF-
P—Delete P from fertilizer recommendation. ¥ [ R [A/NE FHERRACHL 2 [A] 22 55 .3 (P < 0.05), AFKEFHFRR AR A 8K FE 2 ]
#5718 ¥ (P <0.05) Different lowercase letters above the bars represent significant difference among treatments ( P < 0.05), and different capital

letters in the bars indicate significant difference among soil available P levels (P < 0.05).]

18.3%, ARWETE 20~25, 25~30 mg/kg If —FH % H
NGB WS it A Ak R S 2 W SR A A i I
1 1.7%, AZEFARBREKT, WHEICHEF 0 A
R E AL PR 2 AR 10.1%, & A RBKE T
W7 it A ALk B A AT SO B Ak P T A 34 T
FIES . AR 20~25 mg/kg I, WP TIOHER
PER e R R R WOR SRR 6.4%, A RUBELE 25~30
mg/kg BT E B H M FHE 3.9%. LRt
s it RS0 M TE B 3 A B G OISR R s R R
BE,

A O AR, M SR AR, kR
BRCRTR SR IRz, AR A,
TR B R, FPRIBRIORE BT (GR 2). ARHE<1S
mg/kg B 3 AL Hl AR A, PR
RO B = s A AUETE 25~30 mg/kg I P2
b b AR AR, >30 mg/kg I EHEPFFRIBRISE
Bl o AR AR . MRS E AL . W T w4 B
AL IR, A RE<15 1 15~20 mg/kg B, Wifs
Jit A Ak B8y G A A A P it M A B 43 S 386 0 4.7% N
6.0%, FRWETE<15. 15~20 F1>30 mg/kg I, W
TGl Kb R 1 R ki 2 M e S Ach B4 S I 10.5%
15.0% F1 11.4% W42 it T Ak BH 178 51 257 - 50 M2
TR PIE AR 3.7%, (A5 REE, WiEIoHE
AR W 4t M AL TR/ 10.4% W Fs i AE A B 1) F-
BIRERL B IR B A POt IE | WA O b H g
ih, (AZERARE.,

A ROBACT, M AR A, AR
PAGEAL; A m i, BB IR
, APRASCRIE R (R 2). AR 15~20, 20~
25 mg/kg FF 3 AN AL B 4y b 1 S R A
<15 mg/kg BHRAK; A RBE>30 mg/kg I V-S4
R BRI AE B, AR 15~20 mg/kg B A,
HOEAE 15~20 mg/kg B, W it A Ak 2R A W 0
R P IE AL BRIG AN 9.1%, A &L #E>30 mg/kg B
MW A 7.3%. ARBEE<LIS. 15~20 F1>30
mg/kg B, WEHE TR A B ) W A i W 4 it A B
IR 6.1% ., 11.5% F127.6%. Wi it AT AL B A S F-
AT BB AR P B B AL BRI 1.2%, {H 25 S AR5 3
K, Wi TCmE b B Wit IR REAIR 10.6%. B
A BUE>30 mg/kg B Wit A Ak B Fr s B0 ALK 48 L
A P AEAL FERRAR 19.6% 46, HATH S KT
THEMERARE . A 15~20 mg/kg B, M
P55 TC A0 FI 1) AL ST AR i 50 M 4 it IS Ak B e A1
7.0%, A RHE>30 me/kg BF ST W E N 14.9%, 4
FURENE . WEAREAE . MR IO HE AL BRI AR B O R
B2 RN E K
2.6 MEIEHEAESIEA TIERBEFNTL

0—20 cm 2 HHEMAiF A AUt BE 1 50 S0
AEF AR, 5 A BHEAREBEAKE T, 3 b8
HF- 2 FIER AR SR 26.4. 194, 12,9,
18.1 Fl1 15.3 mg/kg (4] 4a), ARUWE<15 mg/kg B 115
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Table 2 Shoot N, P, and K uptake, and grain N, P, and K harvest index of wheat at different soil available P levels
in northern wheat production region of China

A o b FE A (kg/hm?) b 1 F B A (kg/hm?) Mo F IR (kg/hm?)

Soil N uptake in aboveground part P uptake in aboveground part K uptake in aboveground part
available P o p iR Wpsiife Wi T 7 LA WEEEAT W T RPHEIE WAL Wt T

(mg/kg) FF RF RF-P  Average FF RF RF-P  Average FF RF RF-P  Average

<15 157 a 156 a 145b 153 C 18.6 b 19.5a 17.5¢ 18.5C 106 ab 110 a 104 b 107D
15~20 195b 209 a 176 ¢ 194 A 25.6b 272 a 23.1¢ 254B 145b 159 a 140 b 148 A
20~25 176 a 176 a 179 a 177B 299 a 30.5a 30.0a 30.1 A 158 a 155a 148 a 154 A
25~30 192 a 193 a 195 a 193 A 30.1a 31.5a 313a 31.0A 144 a 141 a 136 a 141 B
>30 183 a 186 a 152b 176 B 312a 313a 27.7b 303 A 148 a 138D 100 ¢ 132C
Iy 175a  178a  162b 250a 259a 232b 132a  133a 119b
Average
R AUHFE%L N harvest index (%) WEUSFFEEL P harvest index (%) HRFE %L K harvest index (%)

Soil
available P A HEAE WEdRHEAE Wb domE P AL WAL WhEToEE P APHEAL WEEAE  WvETCEE P

(mg/kg) FF RF RF-P  Average FF RF RF-P Average FF RF RF-P Average

<15 794 a 78.6 a 789 a 79.0 A 873 a 86.3 a 86.8 a 86.8 A 19.1a 19.0a 18.6a 189 C
15~20 76.8 a 76.4 a 76.9 a 76.7B 84.6a 84.2a 84.8 a 84.5 BC 19.0a 18.1a 16.8 b 18.0D
20~25 79.6 a 79.8 a 75.1b 785 A 849a 84.4a 789 a 83.0C 199a 20.0a 192 a 19.7C
25~30 79.5ab 783D 813a 79.6 A 85.6a 84.8a 85.6a 853 B 20.8 a 20.7 a 225a 213B
>30 764 a 76.2a 772 a 76.5B 792 a 79.2a 80.0a 79.4D 29.5a 23.8¢ 273 b 26.8 A
Sy 785a 779 a 783 a 849a 843 a 84.6a 212a 20.0 a 20.1a
Average

¥ (Note) : FF—Farmers’ fertilizer application rate; RF—Recommended P fertilizer rate by the test-integrated fertilizer application; RF-
P—Delete P from fertilizer recommendation. [Alf 7485 AN R/ING TR FoR b B 7] 22 5 B35 (P < 0.05), [FIFEE G AR KRS F1ERoR AR
T HEA K 2 [A] 22 53 B2 (P < 0.05). Values followed by different lowercase letters in a row indicate significant difference among treatments
(P <0.05), and different capital letters in a column indicate significant difference among different soil available P levels (P < 0.05).

R, 20~25 mg/kg B Ak, A RWEAE
<15 Fl 15~20 mg/kg B}, Wit AL AL B Y 35l 28
R BB AR AL PR A IR AIG 42.4% 1 56.0%, H
A AT 3 25 AR . R <15
mg/kg FF WA G A B A - SR 25 2 B v T Mt
NEAREE 34.1%, HAA SR T M om b 35 U
FEREALTC B 22 5. RPHENE . M. I
FEICWE 3 AL F A3 A A A
23.5. 17.3 F121.3 mg/kg, Wifas it A A B A F it A
Ab PR SRS 26.4%, WEARTOREAL LS WS 45 it A b B
S SN G

RIE TR A, 0—20 om I A &0 & & b
I R TR TR (B4 b). 5 A RIEARL
BEZKSFE R, 3 S Ab A P 2 A Rl 1 0
10.5. 15.9, 20.2, 23.7 F140.9 mg/kg. %A %K
ST M A e S Ak Y A O B A P Tt AT Ak

PRSI RE . TEAMBE<15. 15~20 F1 25~30
mg/kg fF, W JORA Ab B A - AT S5 o R M it
JE AL B3 SRR 18.8% . 31.0% Al 22.6%. 4% Jife
BB WA . WEEE Tk 3 S AbE R AR
S E 211, 20.5 F1 16.1 mg/kg, AR AL
S WA T W 2 R, IO A R
3 it N Ak P S AR ALK 21.2%

0—20 cm 12 T3 HUSE % it BE 1 A S0
AT IR R T A (& 4e). 5 AT HEA K F
T, 3 AT A S EOCE 4R 156 .
171, 158, 147 F1200 mg/kg, 7EA Z0#>30 mg/kg It
A B = o R AW 15~20 mg/kg B I
P2 it A Ak 3L ) - R AR A AR R P IR 4
17.5% FAG & 20~25 mg/kg BFFEAR 20.3% 41, H
A B EE R ARE . HAEEN T
15~20 F1 25~30 mg/kg i, Widas JOmE AL B ) £ 4985
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Fig. 4 Response of soil nitrate-N , available P and available K concentrations to test-integrated P application
at different soil available fertilizer levels in northern wheat production region of China

[ (Note) : FF—Farmers’ fertilizer application rate; RF—Recommended P fertilizer tare by the test-integrated fertilizer application; RF-
P—Delete P from fertilizer recommendation. A _I AN [Fl/INE FRE R /R AR HIL 2 [A] 25 57 i 2 (P < 0.05), NIRRT FBE 1R A FA R K- 2 i)
25 W% (P <0.05) Different lowercase letters above the bars represent significant difference among treatments ( P < 0.05), and different capital

letters in the bars indicate significant difference among soil available P levels (P < 0.05).]

SR A R A W i A AR B 5 T 8.7% AT 12.2%
A AL L W AT AN W O 3 N AR FE A E Y 1
HEH S S B4 160, 164 Fil 170 mg/kg, =3
P S OF NITE N

2.7 REESRAERMEIER

A <15, 15~20. 20~25. 25~30 Fl
>30 mg/kg B, AP IE A it e 4 o 195, 223,
270, 238 il 213 kg/hm?, W it A A B %) 0 2t
W4 132, 182, 224, 214 F1 173 kg/hm? (& 5a), W
s i FEL Ak B A A P it P A B i 4R R A O/ 63
41, 46, 24 M 41 kg/hm>, A4 T/ 32.3%.
18.5%. 17.2%. 9.9% 1 19.1%., 4 ) jifii JE &b 31 55 10
i N A 2R 7 - 47 e 20 53014 218 T 170 kg/hm?,
ERWHE,

AN ] - e R K A it I Ak 3 4 vt
B 124, 125, 176, 142 1 124 kg/hm?, Wifs
Jit JIES A 3 Y it 3 £ 30 A 61, 79 97, 77 F 71
kg/hm? ([&] 5b), W4 it IE A R4 4 it AR Ak B )it
Wi ) B E 08 63, 46, 79, 65 Fl 52 kg/hm?, A
MFPR D 50.9% . 36.9% . 44.9% . 45.6% F1 42.4%,
A it A Ak P 5 0 it S A L ST 347 it 40 R
133 Fll 72 kg/hm®, 578 E

A7 it A A 3 A T 43 R 33, 42, 32,
31 M1 18 kg/hm?, W44 it A Ak BB Ay it 490 2 40l Ky 22

36, 41, 45 F133 kg/hm?® (& 5¢). fEA 5 mE<15 Fl
15~20 mg/kg B, W54 it AU Ach 34 A e 6 A P it
AEAR B4 S/ 11 1 6.0 kg/hm?, A3k #E<15 mg/kg
W2 S B, ARWEE 20~25, 25~30 F1>30 mg/kg
BF, W i JIE Ak 3 oA P i T Ak 343 S0 T 9 L 14
Al 16 kg/hm?®, A RLHE>30 mg/kg B 22573 BE . K
JIE Acb 25 0 i A Ak B 1 - R4 0 £ 40 S5l 31
32 kg/hm?, ZHAREE,

2.8 RADIEAIMIR

ANTF] - B R KR, s it I Ak 3
i £ 7 3 FNWCSCR B e T AR P it IE (1] 6a F b))
HRmE<15, 15~20, 20~25, 25~30 F1>30 mg/kg
BF, e it I AR i A A= 7 01 43 5 Dl 45.9 0 54.8.,
43.0. 55.0 F150.8 kg/kg, Wadasiti A io s A A= 7=
S5h 100.3, 97.9, 78.7. 125.6 fi1 118.8 kg/kg,
A FEAE 3 ) B s 118.7%. 78.7%. 82.9%. 1283%
1 134.0%, PG4~ Ab 3% B8 E O 26 7 07734 53 51 R
49.4 F1 104.7 kg/kg, WidaHtie w4 5 112.2%.

AN TA] - B R KR A it I Ak 3 A 4
WSS 1 036, 051, 0.43. 0.55 11 0.62 kg/kg,
IV it A Ak L ks AL IR IO 2% 43 5 R 0,85 0.90
0.85. 1.31 I 1.43 kg/kg, Wafas it JE Ab B A1 Bl HES 12 A
BB AR P A Ak P R 134.1% . 76.8% .
96.6% . 137.9% 1 130.0%. #7-1~Ab HH )i AE I i sk
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Fig. 5 Responses of N, P and K rates to test-integrated fertilizer application at different soil available P
levels in northern wheat production region of China

[#£ (Note) : FF—Farmers’ fertilizer application rate; RF—Recommended P fertilizer rare by the test-integrated fertilizer application; #_[- /A~
[R]/INE B R m Ab B 2 [R] 25 572 1 3 (P < 0.05) Different lowercase letters above the bars represent significant difference among treatments (P <

0.05).]

O& Al FF B Wi AE RF

150  (a) a 2.0  ® 400 - (©
a
o .2 o) © o0 a
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Fig. 6 Responses of P partial factor productivity, P fertilizer uptake efficiency and P utilization efficiency to test-integrated
fertilizer application at different soil available P levels in northern wheat production region of China

[#£ (Note) : FF— Farmers’ fertilizer application rate; RF— Recommended P fertilizer rate by the test-integrated fertilizer application; #_[-
[R]/INE F-BE Rm Ab B 2 [R] 25 572 3 (P < 0.05) Different lowercase letters above the bars represent significant difference among treatments (P <

0.05).]

R34 0.47 1 1.03 kg/kg, Wit 0L PR 2%
P 119.6%.

AN TR A A R KR A it S R vt
MR B R FR 2 0B E 257 (K 6c). MKHIE
5 ANARBEAKE T, A it AT Ak 2R 1) ol 25 R AR 43
Wk 298, 251, 231, 238 il 195 kg/kg, Wafashti e b
PRI B R A HECR 5k 286, 245, 226, 233 FlI
197 kg/kg, ANAEA ROE<15 mg/kg I W 28t AP Ak Rl

Z I FHRCR B A P it A A BRRRAR 4.0%, HoAth /K SF T
PTG 225 . WA A 85 2 R R SR 184y
SIH 256 Fil 249 kg/kg, 2ZRANRE,

3 e

3.1 EIEREAESIEN/ N EFET NS TIRENH
HIX R

ABETER], AEACTT & XN i il A 3
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BE O E e, HEEARWEN T 25~30 mg/kg
W, N R R B R, HA WS T 30 mg/kg
BF, 7o W TRE, (m TA <15 mg/kg B 1>
o AR R, P2 EHEA /N T 30 me/kg
BF, /N2 it e 4 7 R0 B M A5l T I R AR
T I WK T 30 mg/kg I, TR P R — A
T 10%5022 FEINARA RN 15.9 (h#k) F130.4
mg/kg (i) (9148 EAIRER R B, B 4 Lt e
WESRE TN R, S E FESE (P,0,) 135
kg/hm? Bt (P,0;) 105 kg/hm? i 7= i 0 g AR 1k,
T RIS o, AW 33.6 mg/kg /N
FRHEEN 9279 kg/hm?, A AR 18.6mg/kg B 77 &
8815 kg/hm?, INJCH & 2570, AW L it =2
R, BEEC. FEORIBOM TR TR R
B T 30 mg/kg B = R 2R A
AR, SR ICAL FEAH L, WP it e
AR FRREAR T A B R &, B REAH /N2 7= B S 4
B, R A S>30 mg/kg I, BEFERLN I8
B 5 F KO, AN [A] S RO /KT T W it S A 2
IR 2.2%, XTHT R SR AN, A
AT 15~20 mg/kg B, W48 it I Ak 34 iy R A e A
Jiti A Ak 388 48 AN, A R ORI T B AR A5 AR
WK 22 S YR B 2 U B BROIE T DA 4k /)N
B, S AE AN . 5 WA i T AL A L
WP TOWE AL I UG 7 - A R T 20~25 Fil 25~
30 mg/kg B AR o 24 A R E<15 F 15~20
mg/kg (M) i, 45 Tl Ak B Y 7 e 5 M 4 i IS 1
ERRAL, TR R S REAC, R, A
RUE>30 mg/keg (B ) B W4 TOmE Y = it i KT
100 -7 0 W W S0 D% 8 1| K VAR =) A NN A e £
WS F 2 CORUBT . 75 H R P I R
X, A3R00 W T AL PR AY + A RO T 10.0~
46.4 mg/kg, V1K 40.9 mg/kg, FIEIFAGHE, H
X b AL, PTRERS M /N AN IR R 1Y
WESCRI I, DA B R ety RESORN T ot 2%
AR, 38T /NZZ 0807 ot AT Rk S b 1Y) - 1
B = A (B de), AARBE>30 mg/kg BF, 4%
Hi s 3 AL B A U 5 0 200 mg/kg, A
T /N2 W, T A R 20~25 . 25~30
mg/kg B, £ Hb 5 R 5 53 158 il 147
mg/kg, ANHE#ERA W ; S 15~20
mg/kg I, TIEA A WAR S, £ HS R
171 mg/kg, ANHaw/NE 0™, UhIIH R
AR AT R R A A o AN it N 2 AT 23

MR o BRI, FESCBR A = v, AR R A AL
W . AL KT B BRI O . BALEE>170
mg/kg B, BRI 8085>15 mg/kg, ANHEREE AT AR
HUNEW
3.2 WEIERESIENNEFNEABRESETKS
TIEFTHEXR

AR LI, FEALT7 & X 58 20 7 b
L AR RS AT, WOEREIE S, A AL
<15 mg/kg I W F it I Ach B A A i S ALk 3R 2R
I b A 2.9%, LA I it S Ach BB o it A Ak
PRI FH 80 63 kg/hm?, 78 HiA 44504 ik
TR, FrE RS I A A ) E > 460 79
65. 52 kg/hm?®, FFRIE & HIFRA BEREIR, Wi
TG 9 Ab FHEAT R AR U A B >30mg/ kg
I W 3 I 8 S5 ARG 5.0% , HiAth + 338 AT 3wl /K 7
THEMARASE LR EES . WHETREL
R o0 G A N A T 3SR A, WO R A X
FERL R S A R

FEAC T 2 X A Al & B, FPRLT 2
TR, H R BEAS I W O AS S R
it 5 A TR R KT DB B AT A i A P
ROl SRR PO 25 S R 0 2, U B
WAL AN 23 B ARFRLB 35 o ATt e I X L i 55 ot
A WELW, R A <20 mg/kg BT
B2 0 3 RO 7 B, A RUWE>20 mg/kg I ANTitE
BEAE AN 2 BRARAT LB & & . 7 SEBR Ak 7 rh o B i 4y
58 A PN RS AR B, A <20
mg/kg [+ 3% FAREAHEBEAL

b5 4 X 454 S AE 20~25 mg/kg Bf/NE S
Bk pi R & Bk Bl iom . WOEREIE S, A S e
15~20, 20~25, 25~30 FI1>30 mg/kg B, Wit it
Wb PR 54 PRt NE AL B R R S R B S,
A RHE<15 mg/kg W B TH s 2.8%. WALTEA Rk
T 15~20 mg/kg B, Wa4a JOmAE AL 3 W45 it A Ak
HATRLE S mIE R E 2SS, HAA B ACE T
T A B A A W 4 it A A B I RARARG P LR
BEAS S BRARFFRLER 5 i, ANt IE PT RE 23 B AR P L
B,
3.3 dbAERX/NEHEAREEIGE B

ATIFFE S R, W42t A Ak L it A o AR i
JEAb BT 24108 /0 60 kg/hm?; 75T A 384 2K -
T, WA I A B A 5 it A Ak R T
e 2 7 7 S RIS OsoR, SF R 112.2% F
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119.6%. AR, Wit BE Ab 23 5 25 A1 FHR0R
LR PTG B 2 5, X B B O B R A AL
RBAEYI R —FhREE, BRI oA A0 25 i 1) s 7%
O3 TE B/ INZE KERL = S (R RE T, B s A it ol xof L5
M AN K o — 90 [ b o 260 4+ ) i A
T+ HEA S0 R 4.0 5 33 me/kg B, BEAEMLONE
o3 B e it ) 3 T D, 2 4 4R B (P)
55 kg/hm? B4 hN3) 165 kg/hm? i, kb 3940 Rl 46 1
ARG (LT RAE-FIE5E-RAE) WA HE IR W83 0 ol ik
> 44.2% T 64.3%, Y[ SRR T J 725 SR
PR LB, /N2 B A A 7 1341500 59.6
F156.1 kg/kg™, R TIREPFBEALAE T 63.7 ke/kg™,
AR T A FE b W 3t A A B AL O A 7= F1 104.7
kg/kgo TTALPIAS/INZ S Rp B A K00 BoR L it
180 kg/hm? B AL (P,O.) B A% i AE I A= 7= 1 852t 60
kg/hm? B 23 51 5 AR 111.4% F1 124.7%09, 1195
() 4 A /NZE SR P B0 % B, R RE O A 7 g it
it Wl B S I REAI, #5249 S0t 108 kg/hm? @ E
(P,Oy) B 1 72 kg/hm? I 1 8 10 A= 72 AR T
27.7%", XEEHFREE RS SARMRYIA .

K FHFE T = B 0/ N2t N 2 BN 7 ik P AR 5
o 80 AN ;I s AT IEAY (B 7) KRB, A
2 P T AR THEF MR R, 5 2.5%, 101
Pt TiE K, o 10%, BT EIX
A ik Rt Ak ) (R U Ry P, 5 A SRR R
Rt R (SR ) AR R A5 5 90.6%
78.6%. 87.5%. 91.7% H171.4%, F¥I K 85.0%, 43
ST REAL (P,O,) 71, 60, 95, 70 i 80 kg/hm?,
ST (P,O5) 73 kg/hm?s AP AIBUIE T T (7 ek
W o /A Pt i) 4300 45.5% . 32.6% . 42.1%.
44.2% F136.4%, FHIH 41.1%, 2 1030 4
(R TRIBIE e B, 4% 22 DX MEL Ut 1 g PR 7= AT T 5
DB BE P R I AL, FEX . BMEX ZE
X B 5 A YR B V5 7 TR 38 31.0% . 55.6% i1 25.0%,
TR EEX MR KR, #IE (P,0,) HETE
48~96 kg/hm?® B, HuAR Pk 40.7%~70.3%, HAT
FlFRaE /N r=men, feduil £ X 2 | o 2
N, TIEABEEE<T. 7T~12. 12~18 F1 18~38
mg/L B, BEIE (P,O,) #E# H & 4378 135, 105,
90 1 60 kg/hm?, i} - 3364 4 5>38 mg/L B, HBUR
Jith B D R AL, B PG O R DX A A R <25
25~40 fI>40 mg/kg B, Z&/NEHER B (P,O;) &
1 80~95, 60~80 Hl 10~ 15 kg/hm™, 47 %
i A AR . JE T X E AL, +

O /R Very high
M &+ Moderate
O R Very low

100 F — @ — — — — —

O i = High
B 1% Low
80 |
60 |

40 t

20 F — |

4341 LA Frequency distribution (%)

<15  15~20 20~25 25~30 >30 “F¥
Average

37 %% Soil available P (mg/kg)

7 AAERFELEEYHKETRAIEHE S LG
Fig. 7 Frequency distribution of farmers’ P rate at
different soil available P levels in northern wheat
production region of China

RV G T K45 5, A Bt AT 5 AN R HRE e
—AMEE AT R, DR S 1 A R K R
W ZMNRGEA WS . A RWE<15 mg/kg 1Y HHELL
MRy I, JCHRE SRR, A%
HZoK o BRI, I 6 S M R W A58 LK E
7L AR . A REEN T 15~30 mg/kg #Y 4E,
AT . va . HR AT E X, KA
SERR G, HHEK ST RBERME, Rl
+ 3, EBUMEKAEE B, PRI IEAER , A B
TR, Bk A RS B . A S>30
mg/kg W38, —Foa TR, N5 XL+
AU R, AR R R i, FE A
AR AR, WANSG 51— T
gLOTHE . AR EZ I, dEsonss K —A i
EI, SRR, R A S S E, fEdE
R /INAZ v i (R o7 1 5T A SR 2 Ao i e A A
ik .
4 ZhE

AV it IS Ak L 8 S A A P it S Ak B - 34
187> 60 kg/hm? (46%), 347" 2.2%, FFRiE WA & &
S P e AL BEAH L JC B 2 R, Y A R
<15 mg/kg i, /NEF=EHRAMK, N 5155 kg/hm?, 7£+
AR 25~30 mg/kg I, oA EIR G, N 7217
kg/hm?, A 800 = A RERREAR B /N P, Rt
HEA RS, W A 7 a0 AR A A2 A SR HRE Y 5
W, AE IS >170 me/kg B, BIE A &#>15
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mg/kg, BT RESFEUNZ W . R M iE AT
AR AHEBGHEAL, Joie H3EA S B et 1
RS, Tl As /N 22 s A R AL 85 o3 5 i A s A= 7
BERE . GAFIE, AL X R S 4R
£ 20~30 mg/kg I, /N2 775 AR EGE K- MRk
B>170mg/kg B, ASHEBEAC/INAZ A W80 KU o g T X6
A6 T5 2 X HAR XS ) + I ROK IS B 451, T+
AT B0 BRI /INE P o KT, B A B B E
i, SN BEIERL A . SR

Bgt: Rt AmBERE S LARAE “di
PNERIERBBABRERT TG T Rty x
Ak, F¥HE, KL, A% (B RAAH K
F), eF (REAKFRLBERES Fo). HH
Z (RBHWERLERE F), 2HF (RB XS
RAYBRIE F0) . KM (B A MR EH K
JR) L RRRE (REHRRLBERMES P ) X
AR (KLU REHRES FO), BRF (KD
EREHRBES FO), FEZE, IE LB RLE
RE) . wEA. BAWRF (LEHEg REAFR) . KT
E (R REKRF) ., Fimth, Ih24F. £ F. KA
(A REAFR) . FEF, higs (FTERMA
FIE) . 2B (FTELKRF) . ThEh (FiF4 KA
FlE)., RER. FHX FBRLAFR) . TK
£ (BTFRFE). kB (HBREAFR)., T
B, RAKF (AEFREKF) . RAR. iR
(BB REAFER) AR FEHh, HI3FE LB
BEBEEETELTOR XEFEEH .
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M1 EAFEXEREM S 0—20 cm TEMEARBUMR. Bk SEFMERHAE

Supplyment table 1 Basic physical and chemical properties of the top 0—20 cm soil, annual precipitation, average

temperature and fertilizer rates at each experimental site in northern wheat production region of China

APt AL WAL

. L BIAE  ERK R AU LR TR AR R o o
256 Hb . FF fertilizer rates RF fertilizer rates
_ _ INE Apre. AVT  OM pH TN MN AP
Experimental site Wheat (mm) () (e/ke) (e/ke) (mgkg) (mgke) (mgke) (N-P,0K,0) (N-P,0,K,0)
ea mm m; m; m;
gikg grkg g/kg g/kg g/kg (kg/hm?) (ke/hm?)
HrRK KINA
. . . 607  12.09 11.7 84 0.7 9.62 282 139.5 150-120-0 198-30-0
Gansu Tianshui Winter wheat
H i1 TN
. . 429 9.06 10.9 86 0.6 372 11.6 134.2 121-90-0 10-26-0
Gansu Tongweil Spring wheat
HEE2 KINH
. . 405 9.19 10.0 86 0.7 564 73 134.9 120-90-0 74-31-0
Gansu Tongwei2 Winter wheat
HRiEiE3 KN
. . 405 9.19 9.0 89 0.6 490 12.0 161.0 120-90-0 89-39-0
Gansu Tongwei3 Winter wheat
Hf i H 4 KN
. . 405 9.19 10.5 8.6 0.6 926 8.0 121.0 150-120-0 79-24-0
Gansu Tongwei4 Winter wheat
HAT AN .
. . 212 7.95 13.9 86 0.8 2323 270 145.6 267-242-0 183-30-0
Gansu Wuwei Spring wheat
EWHE S (3 AN .
. 172 8.75 17.4 92 09 19.28 382 97.6 300-200-0 200-120-75
Gansu Zhangye Spring wheat
RN ER AINE
. 568 8.83 14.5 84 09 31.62 264 135.7 180-120-0 120-90-0
Gansu Zhuanglang Winter wheat
e K
. .. . . 689 1.67 38.2 55 21 18.54 339 166.5 80-75-38 73-73-20
Heilongjiang Heihel Spring wheat
L2 K
. .. . . 892 2.29 41.03 549 197 1274 31.07 115.69 77.5-81-30 76.3-30-30
Heilongjiang Heihe2 ~ Spring wheat
Sy AARAIN) | HNE
. .. . 780 3.78 31.2 6.6 1.6 14.08 68.6 296.9 0-75-45 5-30-45
Heilongjiang Keshanl  Spring wheat
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£Efft#2 1  Supplyment table 1 continued
; e v AP WAL i
e b CERK AEOR PR SR BR AR S . .
6 b A5 N FF fertilizer rates ~ RF fertilizer rates
. . Apre. AVT OM pH TN MN AP
Experimental site Wheat (mm) (C) (k) (e/ke) (mg/kg) (mgkg) (mgke) (N-P,0,K,0) (N-P,0K,0)
mm m, m; m,
gikg gikg grkg g/kg g/kg (kg/hm?) (ke/hm?)
2y AN IY) TN
. .. . 636 3.37 3448 6.87 1.63 1351 33.81 30543 90-75-45 75-30-45
Heilongjiang Keshan2 Spring wheat
ZEqnn) HANE .
. . . 90 9.40 151 86 0.8 2398 703 2069 302-207-0 177-62-60
Neimenggu Linhe Spring wheat
EEE T HANE .
. . 105 7.95 74 84 04 57.64 4.4 59.8 344-173-0 203-72-60
Neimenggu Wuyuan  Spring wheat
MSEERLR K
. . . 295 -0.13 319 83 1.6 1854 471 208.1 90-60-39 120-68-14
Neimenggu Hailaer Spring wheat
TR N
L . 148* 9.98 133 84 06 11.86 207 129.7 300-120-75 218-120-75
Ningxia Helan Spring wheat
FEKT BN .
L. . . 226 11.33 124 86 0.7 2336 18.0 144.6 313-104-0 278-138-90
Ningxia Yongning1 Spring wheat
FHAT2 BN .
L . . 177 12.37 146 86 08 1694 29.0 135.9 240-120-75 225-113-45
Ningxia Yongning2 Spring wheat
FEAKTS #0 .
L. . . 226 11.33 128 84 07 1731 21.2 95.4 300-150-75 270-90-90
Ningxia Yongning3 Spring wheat
FEAT tE *
L . . 191 10.53 18.16 8.68 0.88 15.51 3890 124.06 279-138-0 230.25-104-45
Ningxia Yongning4 Spring wheat
g th
. . . 465 4.80 18.1 86 12 1477 288 103.2 90-93-0 198-30-50
Qinghai Huangzhong  Spring wheat
PGt 1 EINE
. . 328 16.08 11.3 79 07 112.03 48 158.9 150-60-0 104-42-0
Shanxi Hongtong1 Winter wheat
P62 b 237" 13.79 18.7 84 1.0 1658 8.8 129.0 268-135-90 188-56-31
Shanxi Hongtong2 Winter wheat ' ' ' ' ' ' ' S el
1 PR3 KNS .
. . 570 14.83 33.81 870 1.41 2358 17.06 171.47 300-150-150 264-134-28
Shanxi Hongtong3 Winter wheat
Py Sz 343* 15.24 190 85 08 13.59 11.7 160.0 266-120-66 179-111-30
Shanxi Linfen Winter wheat ’ ’ ' ' ’ ’ ’ S o
okl e 289 16.75 140 82 07 12.59 5.6 121.3 180-60-60 142-60-34
Shanxi Wenxil Winter wheat ’ ’ ' ' ’ ’ ’ e el
PR e 289" 16.75 181 &5 1.0 2041 12.3 131.3 240-150-150 172-82-0
Shanxi Wenxi2 Winter wheat ’ ’ ' ' ’ ’ ’ I el
Ik YN .
. " . 465 14.82 148 85 08 14.23 10.1 145.5 268-180-90 251-75-0
Shanxi Yongji Winter wheat
Bt & ZINE
R . 366 10.01 123 83 03 33.92 16.1 181.2 234-129-44 77-75-30
Shaanxi Binxian Winter wheat
I N KINE
S . 381 6.57 107 88 03 117.77 148  201.7 255-217-21 147-21-30
Shaanxi Dali Winter wheat
Bev & B ZINAE
. . 347 6.57 126 82 0.7 3560 105 2377 135-162-18 111-79-30
Shaanxi Heyang Winter wheat
PP ik ZINAE
. . 345 6.57 180 82 0.7 3149 9.4 169.5 148-93-32 83-99-30
Shaanxi Pucheng Winter wheat
prriil D 288 12.44 121 78 06 7177 12.2 122.2 203-113-35 30-92-30
Shaanxi Qishan1 Winter wheat ’ ’ ’ ' ’ ’ ’ e el
Bz 112 LINAE .
288 12.44 182 85 1.1 7.23 7.7 119.8 180-144-35 150-90-0

Shaanxi Qishan2

Winter wheat
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£Efft#2 1  Supplyment table 1 continued
VI miNi b Wit A

R ARRGR LR SR TRA AMWE H

2 b N FF fertilizer rates  RF fertilizer rates
R . Apre. AVT OM pH TN MN AP A
Experimental site Wheat (o) C) (k) (e/ke) (mgke) (mgkg) (mgke) (N- P,0K,0) (N-P,0,K,0)
mm m, m; m,
gikg gikg g/kg g/kg grkg (kg/hm?) (kg/hm?)
Bz £ KN
S . 413 13.35 109 84 04 7468 14.2 98.5 214-244-6 105-8-30
Shaanxi Qianxian Winter wheat
Bepai KNG .
. . 561 13.35 192 83 1.2 19.66 23.0 257.6 255-180-30 206-89-5
Shaanxi Wugongl Winter wheat
BT N .
. . 561 13.35 172 83 1.1 18.23 19.4 128.2 255-180-30 225-105-45
Shaanxi Wugong2  Winter wheat
Brpik 1 o 370 13.35 120 81 0.7  92.00 9.8 178.0 189-132-28 98-63-30
Shaanxi Yongshoul ~Winter wheat ’ ' ’ ’ ' ’ ’ el el
Prpik A2 b 370 13.35 105 82 05 4738 9.6 139.2 199-129-20 39-91-30
Shaanxi Yongshou2 Winter wheat ' ' ’ ’ ' ’ ’ s e
Plptik A3 ok 370 13.35 135 83 08 2728 15.6 80.7 138-105-0 126-51-30
Shaanxi Yongshou3 Winter wheat ' ' ’ ’ ' ’ ' a e
Brptik 4 ok 370 13.35 1.1 84 0.6 4927 13.4 116.5 193-117-20 64-41-30
Shaanxi Yongshoud4 Winter wheat ' ' ’ ’ ' ’ ’ I -
B KN .
. . 92 12.31 144 86 07 12.92 29.2 126.4 296-173-0 295-68-68
Xinjiang Zepul Winter wheat
A % BN .
- . . 52 7.33 96 83 0.7 17.50 7.0 198.1 240-105-38 224-81-0
Xinjiang Mulei Winter wheat
WA G BN *
I - . 528 2.08 129 85 08 2418 20.9 462.1 315-180-20 240-120-20
Xinjiang Qitai Winter wheat
B &N .
I . 255 6.15 31,1 83 1.8 2824 47.8 285.0 240-105-38 192-50-0
Xinjiang Tachengl ~ Winter wheat
) N *
- . 188 8.40 20.14 875 120 9.09 14.98 212.51 240-105-38 192-49.5-0
Xinjiang Tacheng2  Spring wheat
BT BN )
. o . 231 8.43 155 83 09 3233 36.2 391.2 300-133-0 216-30-0
Xinjiang Shihezi Spring wheat
L ) I .
. . 92 12.31 97 87 0.6 1203 225 95.9 295-173-0 282-138-0
Xinjiang Zepu2 Winter wheat
B3 I *
- . 115 12.89 1574 891 0.53 2149 3429 6835 362.25-173-0 213-173-0
Xinjiang Zepu3 Winter wheat

i (Note) : Apre.—Annual precipitation; AVT—Annual average temperature; OM— Organic matter; TN—Total N; MN—Mineral nitrogen;
AP—Auvailable P; AK—Available K. &/N&Z= /K 5N H BUAES H 1 B 5 1 PR, F/DETRK SR 24E1—120 1
SRR R HURIEE, A R0—20 em )2 AYFEA AR S — SRR AR P G AE A BE AT R 452R Precipitation and
temperatures of winter wheat season are the total rainfall and mean monthly temperatures from September to August of next year, respectively.
Precipitation and temperatures of spring wheat season are the total rainfall and mean monthly temperatures of this year. * indicates irrigation.The
basic physical and chemical properties of 0—20 c¢m soil at each experimental site were from the determination of FF treatment at wheat harvest in the
first year.
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