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Effects of organic-inorganic fertilizer combination on yield and water
use efficiency of spring wheat in dryland of the Loess Plateau

ZHANG Ke'?, CHEN Xiaoli'’, WEI Wenlong'*, LI Shiqing'*, LUO Zhuzhu'?, WANG Linlin"*
(1. Key Laboratory of Arid Habitat Crop Science, Lanzhou, Gansu 730070, China; 2. College of Resources and
Environment , Gansu Agricultural University, Lanzhou, Gansu 730070, China; 3. Inner Mongolia Autonomous

Region Farming and Animal Husbandry Technology Promotion Center, Hohhot, Inner Mongolia 010010, China;
4. College of Agronomy, Gansu Agricultural University, Lanzhou, Gansu 730070, China)

Abstract: A two-year field experiment (2023-2024) was conducted in the arid farming region of central Gan-
su Province (Loess Plateau) to investigate the effects and underlying mechanisms of combined nitrogen-phosphorus
(NP) fertilization and combined organic-inorganic fertilization on water use efficiency (WUE,) and yield of spring
wheat. Eight treatments were implemented : unfertilized control ( CK) , sole chemical fertilizers (P, N, and NP) ,
sole organic fertilizer (M) , and combined organic-inorganic fertilizers (MP, MN, and MNP). Key parameters,in-
cluding wheat transpiration consumption (T, ), evapotranspiration ( ET,), grain filling rate, grain yield, and

WUE,, were evaluated. The results showed that, compared to chemical fertilizer treatments (P, NP ), the com-
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bined organic-inorganic treatments ( MP, MNP) significantly increased T,during the seedling stage by 47.3% and
56.7% , respectively. Comparedto P and N treatments, MP and MN significantly enhanced T during the flowering
stage by 116.2% ~122.6%, concurrently increasing the proportion of water consumption at the flowering stage ( T,/
ET,) by 22.29% ~25.2%. Compared to CK, chemical NP fertilizer treatments increased grain yield and WUE, by
28.6% ~80.2% and 30.4% ~100% , respectively, with NP treatment achieving the highest values. Combined organic-
inorganic fertilization further increased grain yield and WUE, by 15.4% ~32.3% and 6.5% ~37.5%, respectively,
compared to sole chemical fertilizer treatments, with MNP exhibiting the greatest improvement. Random Forest anal-
ysis revealed that the yield and WUE, enhancement under combined fertilization primarily resulted from a significant
increase (67.7% ~ 166.7% ) in stage-specific water use efficiency during the grain-filling period; elevated post-
anthesis dry matter accumulation (61.3% ~89.8%) and its contribution to grain yield (23.2% ~37.2%) ; an increased
number of inferior grains (20.5% ~43.8%) ; and improved grain filling rate (7.4% ~58.3%) and yield (4.6% ~
80.5%) of inferior grains. In conclusion, combined organic-inorganic fertilization, particularly the MNP treatment,
enhances grain yield and WUE, in dryland spring wheat by promoting “soil water-crop water” conversion, increasing
dry matter accumulation, and improving the filling and yield of inferior grains. Therefore , the MNP fertilization strategy
is recommended for optimizing both yield and water productivity in the arid farming regions of the central Loess Plateau.

Keywords: spring wheat; organic-inorganic fertilizer combination application; water use efficiency; yield;

Loess Plateau
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Table 1 Test treatments and its fertilization rates
pisiil ZAME/ (kg - hm™2) WIE/ (kg - hm™) FHUE/ (kg - hm™)  /NESER/ (kg + hm™?)
Treatment Nitrogen fertilizer rate  Phosphorus fertilizer rate  Organic fertilizer rate Seeding rate
xR (CK)
Unfertilized control 0 0 0 225
HETEIL (P)
Single phosphorus fertilizer 0 105 0 225
iy
| RHERB(N) 105 0 0 225
Single nitrogen fertilizer
FHE+EHL (NP)

Nitrogen and phosphate fertilizers 105 105 0 225
. $}T&ﬁ+ﬂ,ﬂﬂ(M) . 0 0 8500 225
Single organic fertilization

A HUIE+BRIE (MP)
Organic fertilizer combined 0 88 8500 225
with phosphate fertilizer
AP +E(MN)
Organic fertilizer combined 80 0 8500 225
with nitrogen fertilizer
A HUIE+Z A (MNP)
Organic fertilizer combined with nitrogen 80 88 8500 225

and phosphorus fertilizers
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Table 2  Effects of organic-inorganic combination on total evaporation, transpiration, and

its proportion in water consumption of spring wheat at each growth stage

WEfy 4w T,  T,/ET, T, T,ET, T, T,ET, T, T,/ET, T, Ty/ET, T, E,  TJ/ET,
Year Treatment /mm /% /mm /% /mm /% /mm /% /mm /% /mm /mm /%

CK 35.4c 61.3b 27.0c  77.8bc  68.0a 64.7b  51.7bc¢  71.5ab  16.7d 34.2¢  198.8ab  94.5a 62.9a

P 32.4c 61.6b 23.8¢cd 78.7b¢  72.8a  79.3a  47.6¢ 57.9¢ 27.6¢ 33.1c  204.3a 85.6ab  68.8a

N 43.3h  68.3ab 20.8d 73.5¢ 55.4b  73.2a 48.8¢ 72.1ab  25.0c 43.7b  197.3ab 88.7ab  63.9a

2023 NP 18.8d  52.6¢ 36.2b  85.2ab  38.2¢ 63.8h  65.4a 77.2a 28.7¢ 44.8b 187.2ab 81.2b  67.8a

M 43.6b  70.3a 59.9a  90.0a 13.8e 38.2d  68.0a 77.9a 16.8d 31.9¢ 202.0ab 86.3ab 67.8a

MP 44.6b  70.8a 34.5h  84.4ab  11.5e 25.6e  33.9d  53.9¢ 54.6a 60.1a 179.1b  91.9ab 64.8a

MN 50.1a  73.8a 27.4c  79.5bc¢  22.4d  44.4cd 58.3b  73.4ab  42.0b 60.3a  200.2ab 86.2ab  68.3a

MNP 13.6e  40.3d 35.7b  85.4ab  16.5¢  46.1c  50.3c 68.4h 37.9b 54.1a  153.9¢ 87.3ab  61.9a

CK 81.9b  69.7b 67.8a  86.3a 20.7f 49.6e  2l.led 47.9¢ 43.8a 66.0a  235.3b  94.8a 71.2a

P 29.8d  41.1d 53.1b  66.6bc  90.7a  81.6a  19.1d 51.6¢ 40.8a 63.4a  233.6bc 97.7a 70.3a

N 86.2b  72.3b  429c¢  82.1a 57.2be¢  70.0b¢  29.8b¢  57.0b¢ 35.8b  63.1a 251.8ab 98.3a 71.7a

2024 NP 85.3b  73.0ab 37.3d 81.8a 29.8¢  63.3cd 20.2cd 48.8c 33.3b  60.1ab 205.8cd 97.8a 67.8a

M 42.9¢ 58.1c 10.3g  51.3d 51.6cd  71.4bc 37.2b 61.8b 41.7a 62.7a 183.7d  95.3a 65.8a

MP 47.1c 59.9¢ 19.8f 67.7b 48.4d  71.6bc 110.4a 82.2a 22.5¢ 54.9bc 248.2ab  98.1a 71.7a

MN 23.2d  37.5d 15.6f  58.9cd 63.2b  72.7ab 116.7a 87.0a 25.5¢ 43.4d 244.3h  98.5a 71.3a

MNP  149.4a 81.7a 31.7¢  79.la 30.1e  60.7d  35.7b 65.7b 26.2¢ 51.6c 273.0a  97.0a 73.8a

CK 58.6bc  66.9bc 47.4a  83.5ab  44.4c 61.5cd 36.4de 63.9cd 30.2bc  52.4bc 217.0abc 106.1a  67.2a

P 31.1¢g 51.2d 38.5b  78.3ab  81.8a 80.8a  33.4e 61.2d 34.2ab  52.8bc 218.9ab  95.1ab 69.7a

N 64.7b 71.1ab  31.8d 79.1ab  56.3b 72.4ab  39.3de 67.1cd 30.4bc  54.labc 222.5a 96.7ab  63.6a

Ty NP 52.0cd  68.3abc 36.8bc 83.7a 34.0d  64.0bcd 42.8d  68.6bcd 31.0bec  53.8abc 196.5b¢  92.9b  67.9a

Average M 43.3ef  64.2bc  35.1bed 81.9ab  32.7d  62.0cd 52.6¢ 72.4bc  29.3c 49.3¢  192.9¢ 95.5ab  66.8a

MP 45.8de 64.7bec  27.1e  78.3ab  29.9de 57.5¢d 72.2b 76.6ab  38.6a 59.8a 213.6abc 97.6ab 68.6a

MN 36.6fg  60.1c 21.5f  72.9b 42.8¢ 66.5bc  87.5a 82.0a 33.8bc  57.8ab 222.0ab  95.7ab  69.9a

MNP 81.5a 76.0a 33.7cd 82.8ab  23.3e 55.2d 43.0d  67.7bed 32.1bc  54.8abc 213.5abc  95.8ab  69.0a

T : R —FUAR ARG AN RN 5 R A BB 22 5 . 35 (P<0.05) , N IRl T WIBOZE G &5 T, ) BEMI RO ZE G 44k 7, - 03T JUT B 280
Ty JTAEWIRZEME 1 T I B ZE I Ak T, L T ARG I E, /N ST WIZER A T, /BT, A By BE I i 5% BoFR K B LL 71

Note : Different lowercase letters in the same column for the same year indicate significant differences between treatments ( P<0.05) , the same below.

T, : Transpiration at seedling stage; T, : Transpiration at tillering stage; T : Transpiration at jointing stage; 7, : Transpiration at flowering stage; T’ :

Transpiration at harvest period; T :

Transpiration during the whole growth period; E,: Wheat evaporation during the whole growth period; T,/ET, : Pro-

portion of transpiration in each stage to the water consumption in the same stage.
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Fig.2 Effects of organic-inorganic combination on dry matter accumulation in spring wheat at different growth stages
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Effects of organic-inorganic combination on water use efficiency in spring wheat at different growth stages
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23 BUEMEBEEENENEZETYRREM

R T REIE M

A HLICHLAE B i X 48 J5 9 5 R 82 19 52 i) (.
FH(F£3), 2023 4, P N Fl NP ZbFEAH L CK 435
B RS T AL T B B RUOR 45.9% . 58.2% F
44.3% ;MP MN F1 MNP AbBEEE M A2 4 1] i 35 42
TR AL I 90 J5 1] K7 obE 5542 i 146.7% . 464.8% %
539.1%, MP MN Fl1 MNP 4b 3 i 28 i T 9 i 5% iz
AL M A B4y ) i 253 N T 140.8% ,240.8% F
246.9% ., 2024 4 LAt FH AL B R AL 5 T TR 2
T CK BEFIRE T 61.7% ~68.4% ; A HLICHLIL L
Jiti bt M A3 SR = TS TR R 45.4% ~
57.1% . ALHEGE AL HE e CK SF34 8 2 $e s e m 1
YR 2R 86.4% ~ 148.2% ; A HLICAHLIE FLjiti L M 2
FHOINACIE T YRR 24.7% ~41.2%, LTk
JNEtE HIALEE (P N NP , A AL ICAHLIE B it AL 2 (MP |
MN MNP ) (15 9 R 2 5 FnAE 5 BL 3R 4
XPAFRL BT Wik 56 P A7 324 f 2548 i1 61.3% ~ 89.8% FI
23.2%~37.2%.

2.4 BHEVIEEREXH/NEFFRLE RN

LR P R 0 T VA Y DU IAY N RS B AW
4A 4B, W, 106 TU) . Ffhr i FUFFARLE I H0R 37 )it
HE A B A 52 W, AR B T A AT it F Ak 2R, 7 AL G HLAE
W OBL IO A EEE Y AR BB TS AR RV S A il
$ETt 9.4% N 27.7% . BT A Ak L FEORL A R
HCRIEE A M PAEAL)S 15 d ZeA7, Horp CK F0 M4k
PRI WGEAE A B L — 28 (18] 4B) |, 55 Foki 1 AT hE
R R e LS 15~20 d A4 (K
4D) , A7 HLICHLAE B it Ak H 55 H s (1) f T 3K 5 2R
AH EE T A A it FH A 3 342 55 7.3% ~ 13.4% , 55 3
o NS4 4 7 7.4% ~58.3%

AN 7 it JES Ak BB X6T 70N 22 T 3 30 Ao 50 R Ak
HZE T A BEZm (K S5) . T P A NP 4
B MNP Fl MP AR B /N7 1S4 b o 2 4t v
9.7% ~14.8% ; # Eb. F AL A Jit FH AL 2, B HLICHLAE e
it b BRAR/INAZ SR R B S R 11.3% ~19.5%,
b D)5 SOk B S AR W, BE RS 20.5% ~
43.8% .,

&3 BNENREEN/NERETYURRR LA TYREFAEEENEESHENZM

Table 3  Effects of organic-inorganic combination on dry matter accumulation, pre-anthesis

dry matter transport to grain and transport efficiency of wheat after anthesis

T PR i T B LRy TR
Ay Qb3 Post-anthesis dry . ﬁﬁﬂﬂ’ﬂmﬁkq@ . H‘?FM%E; Pre-anthesis dry matter
Year Treatment matter aceamulation Contribution of pOSt-aHt.hCSlS Pre—an.ﬂTeSlé dry manier remobilization
/ (ke - hm™) dry matter af?cumulatmn remobilization t(jzgram efficiency/%
to grain/% / (kg + hm™)
CK 174.6+13.6e 41.8+£3.2¢ 242.6+20.6b 31.8+2.6a
P 398.2+32.3d 72.3£6.2b 152.3£10.8¢ 17.2£1.3b
N 570.5+43.4c 81.4+7.2b 130.4£11.7cd 13.31.1c
2003 NP 766.2+68.2a 74.3+6.6b 264.3+£22.7h 17.7+1.6b
M 663.5+£57.7b 93.4+7.8a 46.7+3.5¢ 4.9+0.4d
MP 625.8+48.2bc 84.5+7.0ab 115.2+8.8d 11.8+£0.9¢
MN 757.2+59.8a 74.2+5.6b 263.8+19.0b 16.7+1.2b
MNP 781.5+59.4a 72.4+5.9b 298.5+22.4a 17.0+1.2b
CK 404.3+£30.7d 38.4+2.7d 647.2+45.3¢ 36.3+3.2a
P 680.9+47.7¢ 50.9+4.5bc 657.7+48.0c 23.7£1.9d
N 653.7+54.9¢ 45.5+3.2cd 783.4+62.7b 26.2+2.2cd
2004 NP 670.6+50.3¢ 41.5+3.4d 945.1+77.5a 31.0£2.2b
M 978.1+£73.4b 57.3+4.2b 727.6+59.7bc 29.0£2.6bc
MP 1421.8+120.9a 84.5+6.3a 261.0+20.9e 10.4£0.8¢
MN 1480.8+122.9a 81.9+7.1a 326.4+26.4e 9.2+0.8¢
MNP 1536.3+119.8a 77.9+5.5a 436.6+33.6d 12.1£0.9¢
CK 289.4+24.6f 40.1£3.1¢ 444.9+34.7bc 34.0+3.0a
P 539.5+44.2¢ 61.6+£5.5b 405.0+£29.6bcd 20.5£1.7¢
N 612.1+53.3de 63.4+4.7h 456.9+37.9h 19.8+1.6¢d
3y NP 718.4+53.2¢cd 57.9+4.9b 604.7+48.4a 24.4+2.1b
Average M 820.8+59.9¢ 75.4£5.5a 387.2+32.5¢d 17.0£1.2de
MP 1023.8+88.0b 84.5+6.8a 188.1£14.7f 11.1£0.8¢
MN 1119.0+£96.2ab 78.1£5.9a 295.1+22.1e 13.0£1.2f¢
MNP 1158.9+95.0a 75.1+£5.9a 367.6+32.7d 14.5+1.0ef

TE R B P B bR (n=3) , T,

Note: The data in the table are mean * standard deviation (n=3), the same below.
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Note ;: The different capital letters in the figure indicate significant differences between treatments for the same indicator ( su-

perior or inferior grains) (P<0.05). Different lowercase letters indicate significant differences in the total number of grains per

spike or the total grain dry mass per spike ( superior grains+ inferior grains) between treatments ( P<0.05) . The error line repre-

sents the standard deviation (n=3).
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Fig.5 Effects of organic-inorganic combination on average grain number per spike and

dry mass of superior and inferior grains of spring wheat in 2023-2024
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Table 4 Effects of organic-inorganic combination on yield components, yield and water use efficiency of spring wheat

Ey b3 Tk TRLE TCW FrRL= 1 GY WUE, W Hss $i
Year Treatment / (Spikes - m2) /g / (kg - hm™?) /(kg + mm~' - hm™2) HI/ %
CK 433.7+35.1bc 34.0+2.5d 417.1+31.3d 1.3£0.1e 44.4+3.6a
P 425.7+30.2bc 37.1+3.2¢d 550.5+49.0c 1.9+0.2d 43.0+3.3a
N 400.0+33.2¢ 38.9+2.8bc 701.0+61.7b 2.3+0.2cd 45.2+3.6a
2003 NP 455.3+£33.2hc 37.9+2.9¢ 1030.5+85.5a 3.7+0.3b 45.5+3.3a
M 399.7+29.2¢ 43.1+3.6a 710.2+49.7h 2.4+0.2¢ 44.1+3.8a
MP 466.3+41.0bc 40.7+3.4abc 741.0+60.0b 2.7+0.2¢ 46.2+3.3a
MN 510.3+39.8b 42.1+3.6ab 1021.0+74.5a 3.5+0.3b 43.7+3.9a
MNP 594.3+51.7a 39.7+2.9abc 1080.0+95.0a 4.3+0.4a 42.5+3.5a
CK 486.3+£34.5a 34.3+3.1d 1051.4+83.1e 3.2+0.3d 48.1+3.4a
P 462.3+38.4a 33.9+2.7d 1338.6+107.1d 4.0+0.3¢ 38.7+3.4bc
N 467.0+38.8a 33.9+2.8d 1437.1+103.5¢d 3.9+0.3¢ 39.5+3.4bc
o024 NP 505.0+40.4a 40.8+3.4b 1615.7+129.3bc 5.3+0.4b 43.5+3.7ab
M 511.7+45.5a 38.0+2.8¢ 1705.7+129.6h 6.1+0.5a 48.9+4.2a
MP 470.7+40.5a 36.2+2.7cd 1682.9+146.4b 4.9+0.4b 42.7+3.4ab
MN 503.0+43.8a 45.9+4.1a 1807.1+141.0ab 5.3+0.4b 35.3+£2.8¢
MNP 481.3+41.9a 35.7£3.0cd 1972.9+169.7a 5.3+0.5b 39.0+3.4bc
CK 460.0+40.5ab 34.1+2.8f 734.3+£57.3f 2.3£0.2¢ 46.3+3.7a
P 444.0+38.6ab 35.5+2.8ef 944.5+84.1e 3.0+0.2d 40.8+2.9ab
N 433.5+£38.1b 36.4+3.0de 1069.0+88.7de 3.2+0.2d 42.4+3.0a
Sy NP 480.2+42.7ab 39.3+3.3bc 1323.1+100.6bc 4.6+0.4ab 44.5+3.6a
Average M 455.7+34.6ab 40.5+3.5b 1208.0+108.7cd 4.2+0.3bc 46.5+£3.5a
MP 468.5+£39.4ab 38.4+2.9bed 1211.9+87.3cd 3.9+0.3¢ 44.5+3.4a
MN 506.7+37.0ab 44.0+3.85a 1414.0+117.4ab 4.4+0.4abc 36.0+2.8b
MNP 537.8+37.6a 37.7+3.4cde 1526.4+135.8a 4.9+0.4a 40.8+3.1ab
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Fig.4 Effects of organic-inorganic combination on grain dry mass and grain filling rate of spring wheat in 2023-2024
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Note: GY: Grain yield; WUE, : Grain yield water use efficiency; /GDW': Inferior grain dry mass; PDMRG: Pre-anthesisdry matter remobilization
to grain; SGWP: Superior grain weight per panicle; PDMRE ; Pre-anthesisdry matter remobilization efficiency; CDMAG . Contribution of post-anthesis-
dry matter accumulation to grain; IGWP Inferior grain seight per panicle; PNPP: Panicle number per plant; SGDW: Superior grain dry mass; BA:
Biomass during anthesis; SGNP; Superior grain number per panicle; PDMA; Post-anthesis dry matter accumulation; IGNP; Inferior grain number per
panicle; WUE; : Water use efficiency during tillering stage to jointing stage; WUE;: Water use efficiency during jointing stage to flowering stage;

”» »

WUE,, : Water use efficiency during grain filling stage; WUE, : Biomass yield water use efficiency; BY ; Biomass yield. “ * ” and “ * * ” indicate sig-

nificant differences at the levels of P<0.05 and P<0.01, respectively.
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Fig.6  Correlation analysis between different wheat indexes and grain yield and grain water use efficiency
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