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Abstract: Seasonal drought remains a major constraint to yield improvement in the rain-fed wheat region of Huang-Huai-Hai.
This study explores the physiological and ecological mechanisms by which tillage practices enhance drought resistance and
conserve soil moisture to stabilize wheat production, aiming to provide a theoretical foundation for optimizing
drought-resilient regional farming systems. Based on a 14-year long-term field experiment using the wheat cultivar Jimai 22,
three tillage systems were compared: perennial deep tillage with straw incorporation (DT), perennial rotary tillage (RT), and
perennial minimum/no tillage (NT). Field measurements during the 2018-2020 growing seasons included assessments of soil
water consumption, assimilate translocation and assimilation dynamics, grain filling characteristics, and yield components.
While total soil water consumption within the 0-60 cm soil layer did not differ significantly among DT, RT, and NT treatments,
DT significantly reduced water consumption during the sowing-to-jointing period by 19.64%-29.67% (2018-2019) and
5.12%-10.97% (2019-2020) compared with RT and NT, and conversely increased water consumption during the joint-
ing-to-maturity period by 17.16%-45.38% and 7.20%-12.74% in the respective years. No significant differences in
post-anthesis dry matter assimilation were observed between DT and RT, but both were significantly higher than NT. Addi-
tionally, DT enhanced the contribution of post-anthesis assimilates to grain by 0.50-20.07 percentage points (2018-2019) and
4.32-16.29 percentage points (2019-2020) compared to RT and NT, respectively. Logistic equation fitting indicated that DT
achieved higher maximum and mean grain filling rates and longer grain filling durations than both RT and NT. Correlation
analysis further revealed that increased soil water consumption during the anthesis-to-maturity period was the primary driver
for enhanced post-anthesis assimilate accumulation, improved grain filling parameters, and increased grain yield. Ultimately,
DT resulted in a 15.67% yield increase over NT in 2018-2019, and yield improvements of 5.34% and 8.61% over NT and RT,
respectively, in 2019-2020. Therefore, compared to rotary tillage and minimum/no-till systems, deep tillage with straw incor-
poration emerges as the most effective strategy for stabilizing and enhancing rain-fed wheat yields. This is achieved through a
water management advantage characterized by early-stage water conservation and late-stage water supply compensation,
which collectively enhance post-anthesis assimilate accumulation and translocation, significantly increase grain filling rates,
prolong the effective grain filling period, and synergistically optimize yield components including spike number, kernels per
spike, and thousand-kernel weight.

Keywords: wheat; tillage pattern; soil water consumption characteristics; grain filling rate; yield
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Table 1 Operation procedures of different tillage patterns
BrERi
Tillage pattern
RGP GRS
Frik B DT

[ %idee
Operation procedure
HEE FORAEFE R AT iR — N TR FF e RC | UG IRAC —ILFQ330 £ AL Bk —i, RE 30 cm »ZEF
1GQNM-180 XU K ZEFEFFHLIERF 2 38, R 15 cm—2BFGT-12(8)(220)B K fiE#f i IE 3% Fh AL 1% Fh — 4% 5 4R

Previous crop maize straw was removed from the field and crushed — full-volume straw return and basal fertilizer

application — one pass of deep ploughing was conducted to a depth of 30 cm using an ILFQ330 moldboard plough —
two rounds of rotary tillage with a Haofeng IGQNM-180 dual-axis stubble rotary machine at a depth of 15 cm —
sowing carried out using a 2BFGT-12(8)(220)B type rotary tillage fertilizing seeder — the soil was compacted after
sowing

T HE R AH AT 25 [ — A T O R D — 5235 1GQNM-180 WUk K #EFEREULIERE 2 #, ¥RJ¥ 15 cm—2BFGT-12(8)
(220)B ZU i it HE 42 T ML A b — 4 s 4L

Previous crop maize straw was removed from the field — basal fertilizer application — two rounds of rotary tillage

WAEBEHF RT

with a Haofeng 1GQNM-180 dual-axis stubble rotary machine at a depth of 15 cm — sowing carried out using a
2BFGT-12(8)(220)B type rotary tillage fertilizing seeder — the soil was compacted after sowing

HIFE T KA FF B H —2BFGT-12(8)(220)B U HEH I L HE Ah AL — W ME 2 Ui Ae . BE#E . #6F . B L MPURE2HE
HURALAE

Previous crop maize straw was removed from the field — the 2BFGT-12(8)(220)B type rotary tillage fertilizing seeder

WA DGR NT

simultaneously accomplishes fertilizing, rotary tillage, sowing, soil covering, and compaction

DT: perennial deep tillage with straw incorporation; RT: perennial rotary tillage; NT: perennial minimum or no tillage.

F2 020cm HELTIEREMFS

Table 2 Basic nutrient contents in the 0—20 cm plow layer soil

" . AL o B 2 A A
A0 BHERLX . . . . . .
. Organic matter ~ Total nitrogen  Hydrolysable nitrogen  Available phosphorus  Available potassium

Year Tillage pattern O R O B O
(gkg) (gkg) (mg kg™) (mg kg™) (mg kg™)

2011 BT Initial 21.19 1.29 101.42 28.97 217.09
2018-2019 DT 23.78 a 1.33a 110.27 a 29.01 a 235.11a
RT 20.83 b 1.18 b 97.50 b 28.58 a 200.10 b
NT 21.12b 1.19b 97.00 b 28.63 a 203.00 b
2019-2020 DT 2324 a 1.35a 107.33 a 29.11a 230.58 a
RT 21.13 b 1.20b 97.32b 28.87a 190.43 b
NT 21.07b 1.24b 97.56 b 29.00 a 197.50 b

AEBRRIZR 1o ARG FRERR B 7 AR 22 5 3
Treatments are the same as those given in Table 1. Different lowercase letters indicate significant differences among tillage patterns (P <
0.05).

1.3 MEMBEFHE
13,1 Re#AKF®E  THERET, B kY
WYL O AESI AN S S5 /N SR A T AR I3 U0

JZR) AT, b (cm)EEE | LIRIRE, GSWC; (%)
I GSWC;, (%) w7 — B ARG —BHEE 0 2
B Sk, ARHFEKIE(ET, mm)= S+P+1—-R—

BBE 10 om REFUR LIRS, RELZREN
60 cm, FHHEF 5% 0~60 cm + )2 A4 £ 3 8 5K
i, TR/ A W B R FE K SRR AR K
P R SR (%) = (R -T ) /
T 4 T i x100% o - BT UK I A i (S, mm) =

10 7,k (GSWC, = GSWCyy) , 2, i J& 3R R
i=1

BRI, n Z 8 R, 7 (g em D) EE i -

D+ CR, A1, S (mm)fCERFEF I 2 A 0~60 cm
+ 2R KN FE R, 7 (mm)Fl P (mm)2r LN
FEEFZENREKERMEKE, CR (mm), R (mm)
Al D (mm)73 51367 BT BRI ) LK L R IX
Hek Fb e, (8 i T80 M R KK T 2.5 m,
Hi R BEAR /N, TR I AT DA 228 3 = % A FHELRE K
Ry 5 i 123241

132 Bk AT TR RG], R



1240

(S S

52 %

By TR R BRI AT R ARG A A, b
P4 0.5 m?, 3T, FEIT5 ) B 1w AL 2R EE R
133 FHAERELiE T T A I 0 B
PLIEHUCR #— 5 20 /N2 B8 AR R 404, 3
WHEE, T 105CAT 30 min, 80CHET ZEHE, Ml
FETYRM S, AT YRR R S A
PR 2R BRI (W S AR RISy S Th AR T ) o AR R i

EHT T Y Bz B (kg hm %) =JFAE 3 9 B
BRI E SR E T i

AL T % i 1 6 A RE 1Y) 5T Bk Fe=4E T T4
Jo i 3 /LAY R T ) ST < 100%;

G TR E L (kg hm?) =Y 9 5
TG HT T 0 i

A6 J5 T T [m) Ak 6 A RE Y ST Rk S =46 )5 T )
5[] A e/ s AU R ) J5 T < 100% o
134 HpE#ERXAHK  TIHY@®REAT IR
AR—F/NEFIATARIC, B TAEE 7. 14, 21,
28, 35 d EH 10 M APRICHERE, 3 IRER, T
105°CA T 30 min, 80°CHLT 2 HE, W& THiHE,
FIH logistics 77 R X TR AR #1715, = Wu
SEPIN Dy B SRR HE SR LRI R (T) L 3R B R ROk
7 4R T S B) (T« R RCTHE SR T A r

£3 HEAXMREFRKFERZE

T (Wonax) « T RFFALIE T R (V) F1 -5 T I 58
(Vinean)
13.5 ZFEfekoH i f TR, FH
1 m® (4R L B 340349 5] — S50 b bt 4 7 3
INFEREE, AR P B AL G 22 50 A i SR
TR, 3 R . B S — 30 2 m?® /N2 HEA T
;e 3 WEE, KT WKL I TR E (o) IR R
(kg), FFHIAP K 43I0 7 S0 kP RL 5 K i /e =
O EORERL S KEE 13.0%00 kR, B/ X 2
=S A (1-FPRL B 7K A / (1-13%) 0 K50
BN /NFE F i 5 R L ERE K Y EL AL
1.4 HEHH

% F Microsoft Excel 2016 #7442, ) H
SPSS 22.0. DPS 7.05 #4744 kb 2 A1 23 #r, fifi A
INE 2 FE(LSDYE P < 0.05 K FEH 7278
FVERES, R FH Origin 2024b 2214,

2 HERESR

2.1 BHEAXITRBFEKFER M

mE 3 PR, HHE KSR ARE & HEE
KA R R . K BEAE R R KR Y L A
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Table 3 Effects of tillage patterns on water consumption characteristics

d- K R K R HFEK &
Soil storage water Precipitation Water consumption (mm) SBREK &
- A= _ FieH = Seasonal
0y 4ib B e 1 451 Feki Lol . WAE KR -
HER= . A o A water
Year Treatment Propor-  Precipita- Propor- . AT JTAEH] . .
Amount . . . Sowing to . . L. Anthesis to consumption
tion tion tion K - Wintering to  Jointing to .
(mm) wintering | | ) maturity (mm)
(%) (mm) (%) jointing stage anthesis stage
stage stage
2018-2019 DT 60.52c¢c  20.55b  234.00 79.45 a 112.25b 48.83 ¢ 77.77 a 55.67 a 294.52 a
RT 80.37b 25.57a  234.00 7443b 131.52a 68.94 b 67.79 b 46.110b 31437 a
NT 86.82a 27.06a  234.00 72.94 ¢ 139.60 a 89.44 a 57.63 ¢ 34.16 ¢ 320.82 a
2019-2020 DT 32.73 ¢ 10.35¢  283.60 89.65 a 33.68¢c 166.03 a 58.51a 58.11 a 316.33 a
RT 35.66 b 11.17b  283.60 88.83 a 4523 b 165.25a 57.03 a 51.76 b 319.26 a
NT 44.16 a 13.47a  283.60 86.53 a 56.75 a 167.56 a 51.08b 52.36b 327.76 a
ﬁf%ﬁ ﬂ:ﬁ'} EXT] EXT] o EX T EX T EXT] ®k % EXT] *
ANOVA  Year (Y)
;F}l‘:{/’;jifc EXT] EX T o * EX T EXT] *k % EXT] ns
Tillage
pattern (T)
ﬂ:ﬁ'}xﬁﬁf EXT] EXT] o ns ns EXT] *k % EXT] ns
LER G

MR 1. AR/NGFRERBHE TR R ZR B E . ns: 2R AW, * o3 51RRTE 0.05 F1 0.001 KF 2503

Treatments are the same as those given in Table 1. Different lowercase letters indicate significant differences among tillage patterns (P <

0.05). ns: no significant difference; * and *** mean significant difference at the 0.05 and 0.001 levels, respectively.
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Fig. 2 Effects of tillage patterns on wheat tiller number dynamics
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Treatments are the same as those given in Table 1. The arrangement of lowercase letters from top to bottom indicates the significance levels

for DT, RT, and NT, respectively.

23 HMEAXNTYRAREERIZNFIG
M 4 s, 2 4EF DT 5 RT BJFAE 28+
YRR B2 R R A B E K. R, BT DT,
RT (AR B R T W) BT AE 2018—2019 45
243 R B 26.38%F1 18.95%, 7E 2019—2020 4F
SR 11.46%F1 5.76%. X5 RT #m IR
WA K, NT MR 22T i DT 78 2018—
2019 4EFEFN 2019—2020 443 MIFEAR 17.43%F1
17.53%, {HHBEATYAE 2018—2019 4EE 4 DT
AN 10.21%, X FEFES NT 8B BRSO A 4.
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NT 200l 42T 4.32 F 16.29 A 43 XFEW, Wbk
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Table 4 Effects of tillage patterns on dry matter accumulation and remobilization
TEHE 1EHI e iz G R T
i T%m ¥ AE 3 Y WHikE  TYREMFRL EERA BRI
b TR THR  TWEE WERE THRE SRR
Ay Kb 3 Y tof Dry matter Dry matter Pre-anthesis  Contribution of  Post-anthesis Contribution of
amount o
Year Treatment | e st . amount at amount at dry matter pre-anthesis dry matter post-anthesis
single stem a
& thesi anthesis maturity remobilization dry matter remo-  assimilation dry matter
anthesis
(g stem™) (x10° kg hm?) (x10° kg hm %) (x10° kg hm?) bilization to grains (x10° kg hm?) assimilation to
stem
& (%) grains (%)
2018-2019 DT 1.09 a 8.72 ¢ 12.82b 4.06 ¢ 49.77b 4.10a 50.23 a
RT 1.04 a 11.02 a 1525a 4.28b 50.27 b 424 a 49.73 b
NT 0.90 b 9.61b 11.88 ¢ 5.26a 69.84 a 2270 30.16 ¢
2019-2020 DT 0.97 a 9.69 b 15.62b 2.08 ¢ 2595¢ 5.94 a 74.05 a
RT 1.01 a 10.80 a 16.52 a 2490 30.27 b 5.73 a 69.73 b
NT 0.80 b 9.46b 1330 ¢ 28l a 4224 a 3.84b 57.76 ¢
ﬁ%ﬁ*ﬁ ﬁ’:ﬁj\ ns ns ko ok ko ok ko ok ok ok sk ok
ANOVA Year (Y)
Tillage
pattern (T)
qgﬁj\xﬁﬁg ns Kok EEES EEES Kk ns ns
I YxT

PR 1o AR/NGFRFRRBHE T M2 % . ns: ZRARE, #4058 R7E 0.01 F1 0.001 KF25 8%

Treatments are the same as those given in Table 1. Different lowercase letters indicate significant differences among tillage patterns (P <

0.05). ns: no significant difference; ** and *** mean significant difference at the 0.01 and 0.001 levels, respectively.
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Fig. 3 Effects of tillage patterns on wheat grain weight dynamics and grain filling rate
AR SR 1o BP/NE SR BB TR RRAEE DT RT # NT 9 82# MEKF- .

Treatments are the same as those given in Table 1. The arrangement of lowercase letters from top to bottom indicates the significance levels

for DT, RT, and NT, respectively.

F5 HHMEARNEZIFRERSEBIZME
Table 5 Effects of tillage patterns on wheat grain filling parameters
g *’fr‘/ﬁif Rk 4 T W Vi - r
Year pattern Growth curve equation (d) (g 1000-grain™") (g 1000-grain”' d') (g 1000-grain™" d™") (d)
2018— DT y =47.42/ (1+32.13x¢*%™) 16.73 b 23.71a 2.46a 121a 38.87 a
2019 RT y =44.05/ (1+42.74x¢ %) 16.61 b 22.02b 2.49a 1.18 a 36.95b
NT y=41.44/ (1+52.72xe *%) 17.07 a 20.73 ¢ 241 a 1.12b 36.82b
2019— DT y=46.15/ (1+33.77xe “'¥"*) 18.82 a 23.05a 2.16a 1.06 a 43.30a
2020 RT y=42.35/ (1+37.77xe *1**) 18.66 a 21.16 b 2.06 b 0.99b 4223 a
NT y=40.18/ (1+40.30xe ****) 1891 a 20.75b 2.10b 1.01b 42,98 a

AP R 1o Tra: IRV ORI AR T TE IS 1] Wonax: 38 B0 B RS RN B S Vi BROTEIRHR, Viean: T IIRPRIE S R T
FERLHESE RS 18] o A [R) /NG R n fFAE 7 8] 22 53 1835 (P < 0.05).

Treatments are the same as those given in Table 1. T, time for reaching maximum grain filling rate; W, grain weight at maximum grain

filling rate; Viyax: maximum grain filling rate; Vie.n: average grain filling rate; 7: duration of grain filling. Different lowercase letters indicate

significant differences among tillage patterns (P < 0.05).

2.5 HEAXX 2K F AR
6 iR, 2018—2019 4EJ, DT 5 RT Ay~ )
Tk 2 AR B B K AT, MR T DT 5
RT, NT T4 5 B E PR 2.16%~2.94%, Feit iR it 2
AR 13.54%~15.40%. 2019—2020 4EFE, DT $45-F
7=, RT AL NT AP~ 48 DT 433 R 5.07%1

F6 HEARXMPMESBFKSF AYUENE

7.93%. FiremfNE RN, AL DT ML,
I RT 5 NT Ab3H) 22 58 53, FoRiZO %3, DT
BEET RT 5 NT, FRERZERFREANRE . 75K
SR RRCR T, 2 AE B DT > RT > NT (IR
DL S5 SRRI, URBESS GRS FT IR H 3 i i 2 1 ok
BOMTRIE, ARA5 ™ s K o R AR

Table 6 Effects of tillage patterns on wheat yield and water use efficiency

) TR - THL i IS IR VES
FEh BriEor = . FERLER . o -
. Spike number . . 1000-grain weight Grain yield Water use efficiency
Year Tillage pattern 4 ) Grains per spike ) ) \
(x10" hm ) (g) (kg hm ™) (kg hm " mm ")
2018-2019 DT 510.25b 3538a 47.16 a 7232.78 a 24.56 a
RT 562.79 a 32920 47.54 a 7391.34 a 2351b
NT 548.94 a 31.75b 46.14 b 6253.13 b 19.49 ¢
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(&R 6)
) TR - THL i IS IR VES
Fh GIX(EN , FERLER o o i
. Spike number . . 1000-grain weight Grain yield Water use efficiency
Year Tillage pattern 4 ) Grains per spike ) ) \
(x10" hm ) (g) (kg hm ™) (kg hm " mm )
2019-2020 DT 605.12 b 36.53 a 4121 a 6613.42 a 2091 a
RT 645.13 a 33.25b 41.10b 6278.09 b 19.66 b
NT 630.03 a 31.45b 40.62 b 6089.21 ¢ 18.59 ¢
ﬁf%ﬁ 5]:{51\ ok ok ns koK ok ok ok
ANOVA Year (Y)
ﬁﬁfﬁﬁ EXT] EX T * EX T EXT]
Tillage pattern (T)
= HHETT R * ns ns ok ok
YT

WHFER 1. AR/NGFRFORBHE TR ZREE . ns: Z2RAR3E; *. 358 7E 0.05 F1 0.001 K25 835,

Treatments are the same as those given in Table 1. Different lowercase letters indicate significant differences among tillage patterns (P <

0.05). ns: no significant difference; * and *** mean significant difference at the 0.05 and 0.001 levels, respectively.
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Fig. 4 Correlation analysis between water consumption and dry matter accumulation and remobilization
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,7 and ™" mean significant correlation at the 0.05, 0.01, and 0.001 levels, respectively.
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Fig.5 Correlation analysis between dry matter accumulation, remobilization, and grain filling parameters
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Abbreviations are the same as those given in Table 5. Vj: initial grain filling rate. " and ** mean significant correlation at the 0.05 and 0.01
levels, respectively.
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Fig. 6 Correlation analysis of yield formation indicators
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GY, SN, KN, TKW, DMR and DMA represent the grain yield, spike number, grains per spike, 1000-grain weight, pre-anthesis dry matter
remobilization, and post-anthesis dry matter assimilation, respectively. *, **, and *** mean significant correlation at the 0.05, 0.01, and 0.001

levels, respectively.
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