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Abstract: The integrated production system is effective for crop intensification and also plays an important role in improv-
ing biodiversity and grain yield. The reduction of greenhouse gas emissions and crop water consumption are important
parameters in developing high-efficient and sustainable agriculture in arid areas. Researches on soil carbon emission, water
use and characteristic of the integrated production system will benefit the productivity and sustainability of agricultural prac-
tices in this region. The experiment was carried out in 2011 and 2012 at the Oasis Agricultural Scientific Researching and
Teaching Station of Gansu Agriculture University and Local Government, China. Wheat-maize intercropping system was used
as the object of this study due to its long-term application in Hexi Oasis region. Through integration, different conservation
practices, including no-till with stubble standing, no-till with stubble mulching, and reduced tillage with stubble incorporation
were applied in wheat-maize intercropping system forming three integrated production systems (named NTS, NTM and RTS,
respectively), with conventional intercropping (CTI), conventional monocropped maize (CTM) and wheat (CTW) as the con-
trol systems. The study mainly focused on soil carbon emission and water use characteristics of different cropping systems,
and further compared the differences in system effectiveness and sustainability. Results showed that the energy yield of inte-
grated wheat-maize intercropping system increased by 113% over monocropping wheat, and by 21% over monocropping maize,
and the land equivalent ratios of integrated intercropping systems based on energy yield were greater than 1. The integrated
system also significantly reduced soil CO2 emission, especially for the NTM, of which, the soil CO2 emission was reduced by
12% than CTM, and by 13% than CTI. Also, its’ CO2 emission efficiency increased by 39% over CTM, and by 31% over CTI.
In addition, the integrated system significantly reduced the crop water consumption. Compared to CTI, NTM reduced evapo-
ration, water consumption and carbon emission per unit of water by 11%, 5% and 9%, respectively. Nevertheless, the energy
yield per unit of water improved by 19%. Compared to CTI, land (1.78), carbon (1.48) and water (1.22) equivalent ratios im-
proved by 14%, 28% and 20% under NTM respectively. Therefore, the sustainability index was enhanced by 13% over the CTI.
Consequently, the integrated wheat-maize production system can be used as a high-efficient and sustainable cropping model in
the Hexi Oasis Irrigation Area.

Keywords: Wheat-maize intercropping; Conservation tillage; Soil CO2 emission; Water utilization; Energy yield
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1 #RI5A% 2 9854 5.85, 155 d,
1.1 , 0~90 cm 1.57 g.em™, 0~30 cm
2010—2012 0.68 g-kg™!, 1.41 g'kg™,
( ) , 14.31 g'kg™, 160 mm,
(37°96'N, 102°64'E, 1 506 m), 2400 mm, 2011 2012
, , 1
6 000 MJ-m2, >2 945 h,
72 , =0 3513 , =10
T 1 OEEEE 20112012 SFEMAE BN EASRER
Table 1 Monthly meteorological data during the growing season in Wuwei Station in 2011 and 2012
3 4 5 6 7 8 9
Year Ttem Match April May June July August September
2011 Temperature () 1.7 9.2 16.3 21.7 22.8 21.0 14.6
Rainfall (mm) 5.2 2.5 273 15.5 37.8 90.2 41.4
ET, (mm) 1.3 25 3.9 43 43 3.5 3.3
2012 Temperature () 2.7 10.4 13.8 18.0 19.1 18.8 12.9
Rainfall (mm) 9.2 14.8 22.8 21.3 52.6 18.6 32.9
ET, (mm) 1.8 43 3.4 4.5 4.7 3.0 2.7
1.2 - ( + , RTS) -
2010 , ( , CTD), (CTW)
, 2011—2012 (CTM) , 6 , 3
¢ 4 ¢ , 18
2, ) ;
2011 3 28 2012 3 » NTS NTM  RTS ;
19 , 7 22 7 18 ; ’
2011 4 17 2012 4 20 , 2012,
9 29 9 30 ’
(2011—2012 ), ’
65.8 mm 40.5 mm, ’ ? ! 2
179.1 mm  128.5 mm, 1.3
(Rs):
200.6 mm 146.9 mm EGM-4(environmental gas monitor-4, UK,
PP system) ,
3 2010 ’ CO,, 5
> 2 h , ;
25 cm 25 cm ( ,
) 25 cm ( ) , 2 [22] 12 h,
) ) CO; ,
) 2011
;25 cm - ( (WQ): 20d ,
+ , NTS) 25 cm - S 110 cm s
( + , NTM) 25 cm 30 cm R , 10 cm
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Fig. 1 Diagrammatic sketch of maize and wheat intercropping
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Table 2 Major agronomic parameters of various wheat and maize intercropping system

Cropping system Crop Strip width Mulch width Row Rows spacing Plants spacing  Planting density

(cm) (cm) number (cm) (cm) (plants'hm)
Intercropping Wheat 80 — 6 12 — 6750 000
Maize 80 80 2 40 24 82 500
Monocropping wheat Wheat — — — 12 — 3750 000
Monocropping maize Maize — 120 3 40 30 52 500
;30~110 cm R , 30~50 14.6 MJ-kg™!
cm 20 cm ,50~110cm 30 cm 1.4
, 1 , 3 1.4.1 Co;
: , CO, (CE)  Qin D2
13 > 2 CEzZ[%(QH—ti)><0.1584><24}><10 2)
t Rs R pitl
(E): ! ! ;
(Micro-lysimeter, ML, 15 cm, 11 cm) 0.158 4 umol(COz)-m™s gCOYm !
ML lg 0.105 2 mm, ;24 10 g(COz)'m2-h™! kg(CO,)-hm™2
0.01 LP3102
ML (ET) Yang 2% :
ET=P.+[+4S 3)
» 3d ; : P, T , A4S
1 ML;
1 ML, 2 ’ 30 m
; 3 ,
1.4.2
(EY): (GY) CO, (CEE)
(SY) ; 1 kg CO;, :
, ; CEE=EY/CE (4)
( 20 15 ) : BY , CE
, (1) [21]. CO,
EY=GYXE +SYxEs (1) (WUE)
1 By E (WUE&gy) (WUEck) ,
R 16.3 MJ-kg™!, WUEEy WUEcg
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x; \J=5,6
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. CE Dooxg 5 i X
CO, . ET (O<0CXU\1), Xij l J > Xmax
Xmin
1.4.3 :
1 [1wn ,(i=1,2,3,-,6
(LER) ﬂx[jza\/gzil(alxu—azxﬁ) (j:1’2,3’m,6] (11)
LER=EYwi/EY wv+EYM/EY uum (7) D Py . m i J
IEYWI EYWM
kg-hm™2), EYmi EY Bx,, i=1.2.3. .- 6
(kg ) MI Ml\fz Index =", axiixm# (1‘ 12,3, J (12)
(kg'hm™?) LER>1.0, Yo Bx; \j=123,,6
’ ; : Index ,
LER<I.0, ,
(CER) 1.5
: Microsoft Excel ,
CER=CEEwi/CEEwM+CEEMI/CEEMmMm (8) SPSS 24.0 LSD
:CEEW1 CEEWM COz
(kg'kg™), CEEmi CEEmu 2 ZR545H
CO> (kg'kg™') CER>1.0 , 2.1 /
1 CO, ,
g ( 2A) )
(WER) 113%,
21%
( , WERgy) CO» , 55%,
( , WERCE): 54% ,
WER=WUEwi/WUEwm+WUEm/WUEum ~ (9) 1( 2B),
IWUEWI WUEWM s
(WUEgy, kg'hm2mm™") / (NTM)
(WUEcg, kghm2mm™), WUEwi WUEum (CThH  ,NTM
(WUEsy, kghm2mm™) 16%(2011 13%(2012 ), ,
o, o,
(WUEce, kghm2mm™) WERey>1.0, 14%(2011 13%(2012 ) ,
1 (NTS) (RTS)
; WERCe<1.0 , 1 2.2 CO;
, CO, , 2.2.1 CO
1.4.4 CO, ( 3) , /
Chai [2!] CO, 8.84 thm™,
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Fig. 2 Energy yield (A) and land equivalent ratio (B) of wheat and maize intercropping systems under different tillage practices in

NTS: ; NTM:

2011 and 2012
; RTS:
(P<0.05)

; CTI:

; CTM:
NTS: no-till with stubble standing of intercropping system; NTM: no-till

; CTW:

with stubble mulching of intercropping system; RTS: reduced tillage with stubble incorporation of intercropping system; CTI: conventional
intercropping system; CTM: conventional monocropping of maize; CTW: conventional monocropping of wheat. Different lowercase letters
indicate significant differences among treatments in the same year (P < 0.05).

£3 201 EF 2202 EFRRAMEARTNE/ERESEFTRHTIE CO2 HEMHFHE

Table 3  Soil CO2 emission characteristics of wheat and maize intercropping systems under different tillage practices in 2011 and

2012
CO, CO,

Treatment Soil CO, emission (t-hm?) Carbon emission efficiency (MJ-kg™!) Carbon equivalent ratio
2011 2012 2011 2012 2011 2012
NTS 10.3a 8.6¢ 53.7d 57.6b 1.10¢ 1.39b
NTM 7.9¢ 8.4c 73.8a 63.6a 1.46a 1.50a
RTS 8.4c 8.5¢ 63.8b 56.3b 1.33b 1.35¢
CTI 9.6b 9.1bc 52.6d 52.0d 1.10¢ 1.22d

CTW 4.1d 4.3d 60.7¢ 55.8bc — —

CTM 10.4a 9.7a 42.4e 43.0e — —
P-value 0.000 0.000 0.000 0.000 0.000 0.000
LSD (0.05) 0.44 0.14 2.7 2.2 0.05 0.07

NTS: ;s NTM: ; RTS: ; CTL ; CTM: ; CTW:

(P<0.05) NTS: no-till with stubble standing of intercropping system; NTM: no-till with stubble mulching of

intercropping system; RTS: reduced tillage with stubble incorporation of intercropping system; CTI: conventional intercropping system; CTM: con-
ventional monocropping of maize; CTW: conventional monocropping of wheat. Different lowercase letters indicate significant differences among

treatments (P < 0.05).

/
, CTI , NTM CO,
12%
RTS CO, 9%
, /
CO;
13%, 12%; RTS
1%
2.2.2 CO;
/

CO, CO, s
)
CTI , CEE 39%
(CER) 1,
CO, )
CEE
, NTM 52%,
6%,
CO;
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CEE CER s NTM , 150 mm, 267 mm,
CEE CER , CTI 31% 28% 287 mm
2.3 E/ET,
2.3.1 E/ET NTM , E/ET CTI 9%
8%((2011 ) 13% 16%(2012 ) R
, E/ET, NTM
( 4 , CTI 5%2011 ) 4%(2012 )

Fz4 2011 EF 2012 EFRRFEARTIEZ/ERESEFTRFERFEKIFE

Table 4 Water use characteristics of wheat and maize intercropping systems under different tillage practices in 2011 and 2012

E/ET WUEgy WUEce
Evaporation (mm) (%) Water consumption (mm) (MJ-hm=2mm"") (kg-hm™-mm™)
Treatment 2011 2012 2011 2012 2011 2012 2011 2012 2011 2012
NTS 297bc 261c 39.4c 38.6¢ 752b 676bc 735b 736b 3.74b 3.46bc
NTM 292bc 254cd 39.6¢ 37.9cd 736¢ 670c 791a 795a 2.92d 3.36¢
RTS 305b 274b 40.4bc 40.0b 756b 686b 706¢ 698d 3.02d 3.37c
CTI 320a 293a 41.6b 42.1a 771a 695a 652¢ 676¢ 3.38¢ 3.55b
CTW 156¢ 144¢ 36.8d 37.8cd 424e 378e 581f 631f 2.6le 3.16d
CT™M 286d 248d 44 .4a 41.9a 644d 592d 682d 704c 4.39a 4.46a
P-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
LSD (0.05) 9.8 7.2 3.9 2.3 4.3 11.5 323 31.5 0.03 0.09
NTS: ;s NTM: ; RTS: ; CTL ; CTM: ; CTW: E:
; ET: ; WUEgy: 5 WUEc(E: (P<0.05) NTS: no-till with

stubble standing of intercropping system; NTM: no-till with stubble mulching of intercropping system; RTS: reduced tillage with stubble incorporation
of intercropping system; CTI: conventional intercropping system; CTM: conventional monocropping of maize; CTW: conventional monocropping of
wheat. E: evaporation; ET: evapotranspiration; WUEgy: energy yield of per unit water use efficiency; WUEgc: carbon emission of per unit water use

efficiency. Different lowercase letters indicate significant differences among treatments (P < 0.05).

2.3.2 (WERce) CTI ., CTI ,NTM
/ 10%, NTS 8%( 3)
RTS , NTM NTS 2.4
(WUEEky) 4
, NTM ( L 1) (GY/ET); 2) : 3)
793 MJ-hm2-mm™), ; 4) ; 5) CO;
, ( ; 6)
606 -hm=2-mm~") ’
, CTI ,NTM >
19%, NTS . ’ .
1% , /
,  CTI
(WERey)  CTI » ¢, NIM ,NTS NTM RTS 5% 13% 5% 3
20%, NTS 11%( 3) ) M
) CO; (0.78) ’
) (WUEcE) , /

35% 14%( 4)

’ 20% / 3 itie
NTM RTS 3.1 CO:
CTI CTI CO;
, NTM 9%, RTS s >
8% ) [24]
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Fig. 3 Water equivalent ratio of energy yield (WEREy) and water equivalent ratio of carbon emission (WERcE) of wheat and maize
intercropping systems under different tillage practices and the conventional intercropping system in 2011 and 2012
NTS: ; NTM: ; RTS: ; CTIL:
(P<0.05) NTS: no-till with stubble standing of intercropping system; NTM: no-till with stubble mulching of intercropping

system; RTS: reduced tillage with stubble incorporation of intercropping system; CTI: conventional intercropping system. Different lowercase
letters indicate significant differences among treatments in the same year (P < 0.05).

£5 FEBEFRTIE/EREAEERENTHEN

Table 5 Sustainability of wheat and maize intercropping systems under different tillage practices

Functional component

CO
Treatment Crop water use  Land equivalent Energy  energy yield of per unit Soil 2COZ carbon emission of g yq)yqtion

efficiency ratio yield water use efficiency emissions per grfl;itc;zitf; use index
NTS 1 0.86 0.93 0.89 0.87 0.37 0.64 0.73b
NTM 2 0.89 0.93 0.95 0.94 0.42 0.74 0.78a
RTS 3 0.82 0.89 0.86 0.83 0.41 0.73 0.73b
CTI 4 0.77 0.85 0.83 0.79 0.37 0.67 0.69¢
CTW 5 0.61 0.44 0.41 0.72 0.82 0.81 0.61d
CT™M 6 0.76 0.44 0.73 0.82 0.34 0.52 0.53e

NTS: ; NTM: ; RTS: ; CTL ; CTM: ; CTW:

NTS: no-till with stubble standing of intercropping system; NTM: no-till with stubble mulching of intercropping system; RTS: reduced tillage with
stubble incorporation of intercropping system; CTI: conventional intercropping system; CTM: conventional monocropping of maize; CTW: conven-
tional monocropping of wheat.
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