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Abstract: A long-term practice of applying single soil rotary tillage pattern in this area has caused soil compaction, poor ability
in retaining rainwater and providing nutrients. Effects of different rotational tillage patterns, which were pairwise combined with
subsoiling (ST), rotary tillage (RT) and deep tillage (DT) with straw mulching, on soil long-term improvement effects were studied
in the winter wheat-summer maize double cropping area of Huang-huai-hai region. [Method] The experiments of CRT (continuous
rotary tillage), CST (continuous subsoiling), CDT (continuous deep tillage), DT/RT (rotary tillage in first year, deep tillage in second
year, again deep tillage followed by alternating the next year) and DT/RT/RT (deep tillage in first year, rotary tillage in second year,
rotary tillage in third year, again deep tillage followed by alternating the next year) were conducted before sowing winter wheat, and
different rotational tillage patterns on the ratios of soil solid-liquid-gaseous, soil organic carbon storage, soil total nitrogen storage,
soil enzyme activity, soil respiration rate, and crop economic benefit were analyzed. [Result] The results showed that, there were
significant effects of rotational tillage, soil depth and tillage year on the ratios of soil solid-liquid-gaseous, soil carbon organic storage,
soil total nitrogen storage and soil enzyme activity. Compared with CRT, the CST patterns increased soil organic carbon
sequestration, soil total nitrogen storage, soil urease and invertase activity of surface soil, and CDT, DT/RT, DT/RT/RT increased
soil organic carbon sequestration, soil total nitrogen storage, soil urease and invertase activity at 10-40 cm soil layer of winter wheat
and summer maize. With the increasing cultivation, the R value at 0-40 cm soil layer under the five rotational tillage patterns showed
a trend of overall decrease, and the soil organic carbon storage and soil total nitrogen storage showed a trend of overall increase, and
the variation tendency under DT/RT and DT/RT/RT were more obvious. Compared to pretreatment, the R values under CRT, CST,
CDT, DT/RT, DT/RT/RT were significantly decreased by 20.8%, 33.1%, 29.5%, 29.7%, 30.7%, while the soil organic carbon
storage significantly increased by 6.4%, 14.5%, 16.0%, 20.6%, 23.8% and the soil total nitrogen storage increased by 3.1%, 11.1%,
11.6%, 13.3%, 15.7%, respectively. There were significant effects of rotational tillage on the soil respiration rate. Compared with
CRT, CST, CDT, DT/RT, and DT/RT/RT increased soil respiration rate by 20.7%, 19.3%, 13.7%, and 9.2% during winter wheat
season, and increased by 19.1%, 18.1%, 15.2%, and 10.4% during summer maize season, respectively. However, DT/RT, DT/RT/RT
declined soil respiration rate by 5.9%, 9.6% during winter wheat season, and declined by 3.3%, 7.3% during summer maize season,
respectively, relative to CDT. Compared with DT/RT, the soil respiration rate of DT/RT/RT was declined by 4.1% during winter
wheat season and declined by 4.3% during summer maize season. Rotational tillage, tillage year and tillagexyear had significant
effects on crop yield and economic benefit. Through comprehensive evaluation and analysis of the winter wheat and summer maize
annual grain yield and economic benefit of five rotational tillage patterns in six years, DT/RT was the best, but DT/RT/RT had no
significant difference relative to DT/RT. Compared with CRT, the average annual yields of 6 years under DT/RT/RT, DT/RT, CDT,
CST were increased by 18.9%, 21.4%, 12.9%, 15.7%, and the average economic benefits were increased by 31.9%, 36.2%, 20.3%,
25.4%, respectively. [ Conclusion] DT/RT/RT improved good tilth soil structure, increased the distribution of soil organic carbon
characteristics, total nitrogen storage and enzyme activities of root zone in the top soil layer, declined farmland carbon emission,
improved significantly crop yield and economic benefit. Therefore, DT/RT/RT can be selected as an suitable tillage practice for
double-crop system of winter wheat-summer maize in Huang-huai-hai area, followed by DT/RT rotation tillage.

Key words: ratio of soil solid-liquid-gaseous; soil organic carbon; soil total nitrogen storage; soil enzyme activity; soil respiration;

economic benefit
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Table 1  Soil physical and chemical properties before experiment in 2009

2 R HHL R TR 2L T T

Depth (cm)  Bulk density (gem™) Soil organic matter (gkg')  Total N (gkg’)  Available N (mgkg") Available P (mg'kg") Available K (mgkg™)
0—20 1.50 17.8 1.04 60.37 15.85 107.56

20—40 1.59 12.6 0.66 51.07 6.79 78.34

1.2 Rt
ERTAEVEDRSFF A IR T (A N2 REFFA e 7 o5
W, 2K R A I 4644 R, 2009 4 10
H %2015 45 6 HEL: 6 T TORT b &/
RS 5 FhASFE EE AR EEIENT (CRT, CKD
RN (CST)  EFEHEH (CDTY WM/t
(DT/RT) « KB/ BER/ERF (DT/RT/RT) o KBl
MUX L8, /MRS 300 m* (60 mX5m) ,
3 WER . FESRI BT L HEHHE 7 L%
2. Py BRI BE R UIERE 1, fENVIREE 10
—15 cm; WRIAMC PR FPRBN AN 13, 1Ek
RIEN 3035 cm; RABFACHCR R ALRIHE, 1Rk
IRIEH 30—35 cm, JEfh. A BHELfE A0 2

W o B FORFEFF R34 T 5 BRI ETR N 438 (& 1.

PERANE RO 20 5, HLASE, 2009
—2012 4EF1 2013—2014 4E4F 4 125 kgthm?, 2014
—2015 F4FE A4 100 kg'hm?; 2012—2013 £ i1 Ti%
TR XA Z R AN WA P . 2009—2015
HE, ERKSRE A 958, SRITHUM e HEERH, Fh
F# 9 60 000 Hf/hm?. BE4E 10 A AR &Nz,
FAE 6 H 1 HE 5 HESREMHE K, 29 F 23
H 2 28 Hesko 45 Ab 2 it A K HAth b [a) 5 #EAH R], 4¢
INEZEIRE A 200 kg N'hm?, 150 kg P,Os'hm™,
100 kg K,O-hm?, AFBAHEALFIATAL .. 50% 1 2R
FENEAER IS — IR PEAB N, 50% I EUIAER T IR
Jti; BT KZEHEE A : 300 kg N-hm™, 150 kg P,Os'hm™,
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2 2009—2015 FEL/NEFHTIRHHELIE

Table 2 The soil tillage treatments during 2009-2015 in winter wheat season

R 4} Year

Rotation treatment 2009-2010 2010-2011 2011-2012 2012-2013 20132014 2014-2015

CRT (CK) RT RT RT RT RT RT

CST ST ST ST ST ST ST

CDT DT DT DT DT DT DT

DT/RT DT RT DT RT DT RT
DT/RT/RT DT RT RT DT RT RT

RT: JiEhh: ST: #a: DT: &bk, T

RT: Rotary tillage; ST: Subsoiling tillage; DT: Deep tillage. The same as below

m0-5cm
m5-10 cm
@10-15cm
m15-20 cm
@20-30 cm

&1
Fig. 1
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Y =100 X +1E5 K% (3)
Z=100X (H3EFLERE-HIEEKE) (4)
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TRIHIEART 0—30 cm L EFEFH %W

Straw distribution at 0-30 cm soil layer under different soil tillage treatments
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(6NN = R [ el i R/ 230 e S w2
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iR
SCS= nZ(CiBiI‘IiXIO_l)

i=1
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1.3.4 L3EHR 20132015 FEXNEHRTW. T
eI AN ORI R, B, R
FI2E[E LICOR A FZEF=#) LI—8100A 3P {3 i
SO NI G R . BRI DO AR R S AN
DR A, IR TCE SR S LM el (polyvinylchlorid, PVC,
EA£ 20 cm, & 11 em) AER HIRRPIRINGE =, BRI
PEHLTH 2—3 cmo WE W E A 8: 00—11: 00.

1.3.5 UFE K/PNEREGR/NXE 3 NS, &
M3mt, BRI, FREE E IR RN X
3 AN, BRI 20 AN, ORI, ARETE.

1.3.6 ZFHamitE LU G DL AL HHBTH AR
AR TR -

LT AR =0 E- RS, S E=E & X
Mo Hrp RURAEIEH D CBHE. FERAIECD |
BT . My 2. RATEDTRAFEREL BOREE
FANMA . A/NEFNE FKEAN 530000 2.1 Jo/kegs 1.8
Ju/kg. JRE (N 46%)2.25 Ju/kg, R — 4t (P,0546%,
N 18%) 3.2 Ju/kg, iR (K,050%) 3.20 Ju/kg.
B BN 2 ARV QD R s SR FIRS R i S, &
/NFZ 825 Jt/hm? K EK 1050 Jo/hm?, iR AEZE 825 T
/hm?, GHARE 750 Ju/hm?, ERESE 450 JU/mhm?. Al
BN CEAER T REZGFIN T 90 £/ EH1H 1700 76
/hm?, HEKAT 1800 Ji/hm’.
1.4 HIEHH

FIH Excel 2007 34T #4540 ¥, FIH SPSS 17.0

HATEAR S V0T, ASFEALEE A Duncan B &A% 2
% (SSR) AT 2 H LA, FIH SigmaPlot 12.5 8 fF4:
GEISES

2 &
2.1 #BFH. BER. EMUREXREX TIEHIRFI =S
oA

BRAE 0] IR I S AN 25 A0, R AR
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TR RO M AA R L e (R 3D, HER
BE AR Pl e . AR R 22 B e AT
TEM R E R (R 4) o Hrp e X PHRX % 45hr 1Y
AAE R EARL AR BRA/NEE SO 3G B Lk fi
. AR DREES TR RS RSN, R X AR
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TG, A X HRAN S FR PR AR B
W A/ NFE ST R AL B LB R R KR
AN IIIRBEE RSN, BRI XA X BHERT & ARbR AT
FRTE S A
2.2 BHHEXX TIER BRI

ANFAEHHRER R 0—40 cm + 21 R 8 EA W] &
MM (R 5) « 5 2009 G5 HT (BT) AHLL, iE4E
6 FEHHEAL T 0—40 cm )2 (1) R B BEESHEE I (1) 42
KR A FAGEE . CRT. CST. CDT. DT/RT #
DT/RT/RT B, 0—40 cm 121 R A5 AR 56 17 70 51 B&
i 20.8%-+ 33.1%- 29.5%-. 29.7%F!1 30.7%. R {Effi+
R I, AL REEREE (R 6) . £
KNI, CDT. DT/RT. DT/RT/RT Fl CST #i

R3 ORH. MR ERUREXREMRE. LRAVKRGE. LIBRME. LIRREE. TIREREIBAZM
Table 3 Effects of rotational tillage pattern, soil depth, year and their interaction in the global analyses of variance of soil R value,
soil organic carbon storage, soil total nitrogen storage, soil urease and soil invertase activity

TiH Item Rw Ry SCSw STNw Ureasey Ureasey Invertasey  Invertasey
B Rotation <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
fE4 Year <0.001 <0.001 <0.001 <0.001 ns ns <0.001 <0.001
HHA Depth <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
A HF X 4EH) RotationxYear 0.003 <0.001 ns ns ns 0.004 ns 0.029
BHEXHHE RotationxDepth <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
HEG X HHAE Year xDepth 0.020 <0.001 0.028 ns <0.001 <0.001 <0.001 <0.001
BBEX AR X HHA Rotationx YearxDepth ns <0.001 ns 0.034 0.003 ns <0.001 0.007

Ry, Z/PNEFLEZME: Ry, EEKFT LM, SCSw, &A/MEF LA E: STNy, A/PNEZFLHWEFEME: Ureasew, X/NEZF 1
HEWREREPE: Ureasem, B R KT LHEIREIEYE: Invertasey, A/NEZZRLHURMRGIGTE: Invertasey, B F KT LHERRGETE. TR
Ry, soil R value in the winter wheat period; Ry, soil R value in the summer maize period; SCSy, soil organic carbon storage in the winter wheat period; STNy,

soil total nitrogen storage in the winter wheat period; Ureasew, soil urease activity in the winter wheat period; Ureasey, soil urease activity in the summer maize
period; Invertasey, soil invertase activity in the winter wheat period; Invertasey, soil invertase activity in the summer maize period. The same as below
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x4 BH. FRURERTEWNTIRFRER. (EYF-SMEFAEMFE
Table 4 Effects of rotational tillage pattern, year and their interaction in the global analyses of variance of soil respiration rate, crop
yield and economic benefit

TiH Ttem Rsw Rsym Yieldw Yieldy Yielda EBw EBum EBiotal
4 #F Rotation <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
AEAR Year <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
BHEX 4 Rotation X Year <0.001 <0.001 0.004 <0.001 0.003 0.002 <0.001 0.001

Rsyw, Z/NEZLIEIPNGHER, Rey, HTKZEIEHIETWEE, Yieldy, X/NE7H; Yieldy, HTAK7E; Yieldoa ME7H; EBy, X/NE
VA EByy HEKATE: EBow, JAELTHA

Rsw, soil respiration rate in the winter wheat period; Rsy, soil respiration rate in the summer maize period; Yieldw, yield of winter wheat; Yieldy, yield of
summer maize; Yieldl, annual yield; EBw, economic benefit of winter wheat; EBy;, economic benefit of summer maize; EBo1, annual economic benefit

=5 HHERIT 0—40 cm TR REREIY

Table 5 Effects of rotational tillage patterns on the R value in 0-40 cm soil layer

Ty psi £ /N Winter wheat K Summer maize

Year Treatment o 16¢m  1020em  20-30cm 30-40cm Ml Mean  0-10cm  10-20cm  20-30cm  30-40 cm ¥{H Mean

2009 BT 9.90 10.56 11.63 11.93 11.01

2013—2014 CRT 9.25a 9.10a 10.78a 11.42a 10.14a 9.02a 8.08a 9.27a 8.37a 8.68a
CST 8.14b 8.36c 9.45¢ 10.29¢ 9.06¢ 8.99a 7.06b 8.35b 7.08¢ 7.87b
CDT 9.24a 8.93ab 9.75bc  10.71b 9.66b 8.74a 5.13d 6.27d 6.91c 6.76¢
DT/RT 9.11a 8.90ab 9.69bc  10.48bc 9.54b 8.75a 6.46¢ 7.00c 6.81c 7.25bc
DT/RT/RT  821b 8.47bc 9.81b 10.41¢ 9.23¢ 8.83a 7.99 9.09a 7.63b 8.38ab

2014—2015 CRT 10.22a 10.44a 11.57a 12.04a 11.07a 2.96a 4.87a 8.80a 8.82a 6.36a
CST 8.47¢ 8.55¢ 10.26b 10.81b 9.52¢ 1.83b 3.44c 7.91bc 7.60bc 5.20b
CDT 9.36b 9.62b 10.41b 10.97b 10.09b 2.70a 4.03b 7.59¢ 741c 5.43b
DT/RT 8.92bc 9.02bc  10.40b 11.15b 9.87bc 233b  4.05b 8.16bc 7.91bc 5.61b
DT/RT/RT  8.46¢ 8.78¢ 10.61b 11.12b 9.74bc 1.81b 3.80bc 8.33ab 8.16ab 5.52b

BT: 2009 FiRR; AHFE L2 RS A /NS TR A8 ) 225715 B 5% B #K T (P<0.05) o FIF

BT: Before 2009; Different lowercase letters in the same column meant significant difference at the 0.05 level in the same soil layer and same year. The same as
below

®6 . HR. EOXNTREERFIE

Table 6 Effects of rotational tillage pattern, soil depth and year on soil characteristics

i H Rw Rum SCSw STNw Ureasew Ureasey Invertasew Invertasey
Item (thm?) (thm?) (mg/(g-24h)) (mg/(g24h)) (mg/(g24h)) (mg/(g24h))
G 2013—2014  9.53a 7.79a 60.74a 5.60a 3.93a 3.50a 32.11b 34.52b
Year 2014—2015  10.06a 5.62b 62.98a 5.75a 3.89 3.51a 33.90a 36.30a
Pk CRT 10.60a 7.52a 57.04c 531c 3.25¢ 2.87¢ 26.71c 30.58¢
3‘“‘“”“*‘1 CST 9.29b 6.53bc 61.73b 5.71b 3.94b 3.55b 32.32b 34.80b
tllage CDT 9.87ab 6.10c 60.88b 5.68b 4.13a 3.78a 35.39 37.52a
DT/RT 9.71b 6.43bc 63.86a 5.76b 4.15a 3.74a 35.89a 37.87a
DT/RT/RT 9.48b 6.95b 65.78a 5.90a 4.07a 3.60ab 34.43a 36.29ab
PHAE 0-10 cm 8.94b 5.60b 19.20a 1.83a 5.59 4.74a 52.89a 52.81a
Depth 10-20 cm 9.02b 5.49b 17.12b 1.57b 4.73b 3.95b 40.06b 40.67b
20-30 cm 10.27a 8.08a 14.80c 1.29¢ 3.31c 3.11c 25.92¢ 29.96¢

30-40 cm 10.94a 7.67a 10.73d 0.99d 2.01d 2.22d 13.16d 18.21d
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E==30-10cm B 10-20 cm 20-30 cm 3 30-40 cm

~
[

[ 20132014

AN
B
[N
=1
T

&~
W

\\

W
(=}
T

%

NG LI DL
Soil organic carbon storage of winter wheat
(thm™)

w
T

[ 20142015

CST CDT DT/RT DT/RT/RT

AbBE Treatment

BT CRT DT/RT DT/RT/RT

AL P Treatment

R EAN RN T REROR [ 2 A R A R ) 22 R0 B 5% 83K BT EARIR'S P RERIR 0—40 em 2 AN A Ab 1 ) 22 S5 3 5% W% K. R IR

Different lowercase letters above the bars meant significant differences at the 0.05 level in the same soil layer; Different uppercase letters above the bars meant

significant differences at the 0.05 level in 0-40 cm soil layer. The same as below
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Fig. 2 Effects of rotational tillage patterns on soil organic carbon storage in 0-40 cm soil layer (thm?)
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Fig. 3 Effects of rotational tillage patterns on soil total nitrogen storage in 0-40 cm soil layer (t-hm™)
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Fig. 4 Effects of rotational tillage patterns on soil urease activity in 0-40 cm soil layer
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Fig. 5 Effects of rotational tillage patterns on soil invertase activity in 0-40 cm soil layer
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Fig. 6 Effects of rotational tillage patterns on soil respiration rate
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Table 7 Effects of rotational tillage patterns on winter wheat-summer maize yield and annual yield in 2009-2015 (thm™)

[(27) Ab 3 fEA Year S
Crop Treatment 54092010 2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 Average
KN CRT 6.23b 6.76b 6.16bc — 7.01c 4.86¢ 6.21b
Winter wheat CST 6.73ab 8.05a 6.75ab — 8.44ab 521ab 7.03a
CDT 6.78ab 8.12a 6.54b — 8.12b 5.04bc 6.92a
DT/RT 6.96a 8.25a 7.37a — 8.01b 5.64a 7.24a
DT/RT/RT 6.86a 7.98a 6.92ab — 8.96a 4.92bc 7.13a
JFE S CRT 5.51c 5.51c 8.38¢ 7.47¢ 8.19d 10.06d 7.52d
Summer maize CST 6.57ab 6.20ab 10.04ab 8.88ab 9.45¢ 11.79bc 8.82bc
CDT 6.42b 5.82bc 9.49b 8.37b 9.93bc 11.34¢ 8.56¢
DT/RT 7.13a 6.51a 9.82ab 9.20a 10.55ab 13.03a 9.37a
DT/RT/RT 6.53ab 6.12ab 10.57a 8.63ab 10.77a 12.26b 9.15ab
S CRT 11.74b 12.27b 14.54c¢ 7.47¢ 15.20¢ 14.92¢ 12.69¢
fmmialyictd CST 13.30a 14.24a 16.79ab 8.88ab 17.89b 17.00b 14.68ab
CDT 13.19a 13.94a 16.04b 8.37b 18.05b 16.38bc 14.33b
DT/RT 14.09a 14.75a 17.19a 9.20a 18.55ab 18.67a 15.41a
DT/RT/RT 13.3% 14.10a 17.4% 8.63ab 19.73a 17.18b 15.09ab

HIFESEG S FA G AR NG T RERTR VRN R AR B 8] 22 57 1R B 5% Sk #KFo R I

Different lowercase letters in the same column meant significant difference at the 0.05 level in the same crop and same year. The same as below

R 8 TR HERITEME =B AFIZ 52 R 2200

Table 8 Effects of different rotational tillage patterns on total cost and economic benefits (yuan/hm?)

i H psii HAY Year -4
ftem Treatment 2009-2010 2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 Average
B CRT 22996.6b 24116.7b 28017.8¢ 13450.2¢ 29465.0c 28320.0¢ 24394 4¢
Totaloutput - o7 25961.8a 28052.7a 32246.2ab 15982.5ab 34734.7b 32156.4b 28189.0ab
CDT 25691.4a 27521.0a 30830.3b 15065.7b 34926.5b 31002.2b 27506.2b
DT/RT 27452.4a 29026.2a 33152.8a 16555.2a 35796.7ab 35240.1a 29537.2a
DT/RT/RT 26149.4a 27779.3a 33553.9a 15530.7ab 38202.2a 32397.6b 28935.5ab
A CRT 11383.4 11383.4 11383.4 6484.45 11383.4 11383.4 10566.9
Total cost CST 11683.4 11683.4 11683.4 6784.45 11683.4 11683.4 10866.9
CDT 11758.4 11758.4 11758.4 6859.45 11758.4 11758.4 10941.9
DT/RT 11758.4 11383.4 11758.4 6484.45 11758.4 11383.4 10754.4
DT/RT/RT 11758.4 11383.4 11383.4 6859.45 11383.4 11383.4 10691.9
G CRT 11613.2¢ 12733 3¢ 16634.4¢ 6965.7d 18081.6¢ 16936.6¢ 13827.5¢
:conszmc CST 14278.4b 16369.3ab 20562.8ab 9198.0b 23051.3b 20473.0b 17322.1ab
neln
. CDT 13933.0b 15762.6b 19071.9b 8206.3¢ 23168.1b 19243.8b 16564.3b
DT/RT 15694.0a 17642.8a 21394.4a 10070.8a 24038.3b 23856.7a 18782.8a

DT/RT/RT 14391.0ab 16395.9ab 22170.5a 8671.2bc 26818.8a 21014.2b 18243.6a
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