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Characteristics and differences of crop yield and greenhouse gas emissions
under different cropping systems in the Huang-Huai-Hai Region

CHEN Jian, WU Liuge, ZHANG Xin, DENG Aixing, SONG Zhenwei, ZHANG Weijian, ZHENG Chengyan’

(Institute of Crop Science, Chinese Academy of Agricultural Sciences / Key Laboratory of Crop Physiology and Ecology, Ministry of Agri-
culture and Rural Affairs, Beijing 100081, China)

Abstract: Climate change has increasingly triggered extreme weather events, leading to significant adverse effects on crop produc-
tion and posing challenges to the sustainability of agricultural systems. This study investigated the effects of different cropping
systems on crop yields and greenhouse gases (GHG) emissions in the Huang-Huai-Hai Region to provide a scientific basis for con-
structing climate-resilient, high-yield, and low-carbon cropping systems in this region. The field experiments were conducted between
2015 and 2020 at the Xinxiang Experimental Base of the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences. Five
distinct cropping systems were established: single-cropping system of winter wheat (W), single-cropping system of summer maize
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(M), single-cropping system of summer soybean (S), double-cropping system of winter wheat-summer soybean (W-S), and double
cropping system of winter wheat-summer maize (W-M). This study comprehensively analyzed crop yield under the five cro-
pping systems over six years and calculated the output value and economic benefit associated with each system. Additionally, from
2017 to 2019, we monitored soil GHG emissions, measured crop nitrogen accumulation, and calculated the partial factor productivity
of nitrogen. The carbon footprint of each cropping system was assessed. The results revealed that the W-M cropping system consis-
tently outperformed the other systems regarding annual maize equivalent yield, energy output, and economic benefit. This system
demonstrated superior productivity, making it a highly effective system for achieving high yield and maximizing economic return.
However, the W-M cropping system also exhibited the highest GHG emissions, indicating a potential trade-off between yield and
environmental sustainability. In contrast, the W-S cropping system reduced cumulative N,O emissions, direct GHG emissions, and-
carbon footprint per unit sown area by 10.7%, 11.1%, and 4.7%, respectively, compared with the W-M cropping system. This reduc-
tion highlighted the GHG mitigation potential of the W-S cropping system with a relatively high yield. Moreover, the nitrogen accu-
mulation of the three crops from high to low was soybean>wheat>maize. However, despite the lower nitrogen accumulation in maize,
it exhibited the highest partial factor productivity of nitrogen. In conclusion, although the W-M cropping system emerged as the most
effective system for maximizing crop yield and economic benefit, it also presents environmental challenges owing to its higher GHG
emissions. Therefore, further research is essential to develop carbon emission-reduction techniques for the W-M cropping system,
with the aim of balancing high yield and low carbon emissions. This study provides critical insights into the trade-offs and synergies
between crop productivity and environmental sustainability under different cropping systems, offering valuable guidance for the
development of climate-resilient agricultural practices in the Huang-Huai-Hai Region and similar agroecological regions.

Keywords: yield; greenhouse gases; cropping system; economic benefits; carbon footprint
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Table 1 Input cost to farm production ¥hm”
H: =% A Production input W S M W-S W-M
FF Seed 774 420 1080 1194 1854
G4 E Fertilizer 3525 3525 3525 7050 7050
I Irrigation 675 225 225 900 900
HLIY Machinery 1950 1005 1500 2955 3450
42} Pesticide 675 450 750 1125 1425
AT Labor 2100 1950 2 400 4050 4500
BEAEA Total input 9699 7575 9 480 17 274 19179

W: BAZEA NGE St BT K TG M: AZRTT K, W-S: &/NE-H R T —AEM; W-M: /N T FOR—4EPI#, W: single-cropping system of winter

wheat; S: single-cropping system of summer soybean; M: single-cropping system of summer maize; W-S: double-cropping system of winter wheat-summer

soybean; W-M: double-cropping system of winter wheat-summer maize.
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Table 2 Greenhouse gas emission factor of input items

Tz AR R A
(B1COyeqit)

AT o BRI
Input item Greenhou;:js: ermssion Data source
(based on CO,-eq)

248 Compound fertilizer 1.77 kg'kg' [22]
42} Pesticide 6.58 kg'kg ' [14]
HEEH, ) Electricity for irrigation 0.92 kg-kWh'' [14]
4&iih Diesel fuel 3.32kgkg' [14]
/N FHF Wheat seed 1.16 kg'kg' [14]
FKFHF Maize seed 1.22 kg'kg"' [14]
KIZFPF Soybean seed 0.25 kgkg' [14]
AL Labor 0.86 kg-d™' [14]
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Table 3 Indirect greenhouse gas emissions under different cropping systems during the production process (based on CO,-eq)

kg-hm
st 4 B o 1y 3 CEipiree
System RS V&) CiW| S iy AT indirect
Compound fertilizer Pesticide Electricity Diesel fuel Seed Labor

w 1327.50 29.61 349.14 185.92 200.10 22.58 2114.85

S 1327.50 19.74 116.38 99.60 15.00 20.96 1599.18
M 1327.50 32.90 116.38 166.00 36.60 25.80 1705.18
W-S 2 655.00 49.35 465.52 285.52 215.10 43.54 3714.03
W-M 2 655.00 62.51 465.52 351.92 236.70 46.76 381841

W: BAZEA N S B R M: B BT FOK; W-S: Z/NE-H R E—AEPE; W-M: Z/NE-H E K —AEPIR; CE e [RIE IR 2 AU SHEICE
W: single-cropping system of winter wheat; S: single-cropping system of summer soybean; M: single-cropping system of summer maize; W-S: double-cropping
system of winter wheat-summer soybean; W-M: double-cropping system of winter wheat-summer maize; CE, 4. total indirect greenhouse gas emissions.
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Fig. 1

Maize equivalent yield and energy yield under different cropping systems from 2015 to 2020
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26.6% (P<0.05), W-S B JH4F B i 7™ i o 25
T W. SHI M (P<0.05), 3 Fl 8 2= Ff A A =X, & 4 g
B R A AR PR AR AL K, 20162017 4 F 2019—
2020 4 M R = T W HLS (P<0.05), T3 4b 3 4
NIk S ALK i KT WA MK (P<0.05), W
FIM J8) JC 5 25 25 5 2015—2020 4F, 4F 2 R 4E fig fit
PRI M>W>S, A UG S5 R R, W-M Fid
B ] A o B JRAE B 2 B = i AR
22 AEAMHEEAMEDREREENRIBRES

kA

MR 4T LIEN, 3 FEM A X BRI RA N
KE>/NE>FE K, 20172019 4F, NERZHE &
BIRIN W>W-S>W-M, W A 28 (1) /)8 2 4F 34 R R
Z5 5 e W-S B W-M 55 2 16 8.1% £ 13.1%,
AERARE, FRARHREFEREZARK, M
B ERAE AR RERR T W-M B AR
EWRERBR AR, W-SHER L SHER B ERS
25.6% (P<0.05). VA LR, KEARXMRER &S T
INFEFN K, TR AE R 4o b 36 N K SR, v] DU 1F
YEWYI R GE T AR RIS 2

2017—2019 4[], W AR Y /N 22 4F 24 AUIE i A=
FEIIHE T W-S I W-M A 200 1) 8 3 4R 1 13.4%

H1 6.5% (P<0.05); M A5 3K (1) T K25 ZE i A 7=
e W-M R 5 37.6% (P<0.05); S A K
SH R A2 72 7 b W-S B 11.4%, {H 22 73R
2 (% 5).
2.3 AEMERERNEFHE

20152020 4F- A [A] Feb AR AR =X 1) 4 359 7= A 22 5%
s (B0 2), B WA M 04N, AR R R AR X ) 22
S0 (P<0.05), HARS P H M2 5804 RN
W-M>W-S>M>W>S, W, S, M, W-S il W-M #z{,
N WAE S P W 161 J7 . 1.05 07, 17207
2.83 J7 M1 3.63 Ji o, W-M B B = (H 20 51 WL S,
M Al W-S Ay 2.3, 3.5, 2.1 fI13 M5 W, S, M,
W-S Fl W-M B 2 B A W7 3 28 55 34 2% 4 0l ol
0.64 Ji. 029 Ji, 0.77 Ji. 1.10 Jif1 1.71 Jiot, W-M
PR 2B 2E 4 o8 WL S, M At W-S B Y
27,59, 22 f1 L6 1. DL LR, —AE BN AE
P S 20 28 U Ak 2 v TR B R B A 2, Horh W-M
P B P (RN 2R B R 25 Y i
24 AEMEEXNEESTHREETH

WK 3 s, 2017—2019 48, O [6] Aol 85 8 T
N,O HE il i 5 fr U F 359 s IR AE it A 5, e Ao/ ik
T A BB o T T A A% 3 T 08/ )N 5 2017 4F R

Fz4 20172019 ERRAHEEANEDNREZREE

Table 4 Nitrogen accumulation under different cropping systems from 2017 to 2019 kg-hm™
Rt 20172018 2018—2019
Cropping system /NF Wheat F >k Maize K& Soybean /N# Wheat F 2k Maize K& Soybean
w 254.68+27.07a — - 231.65+14.13a - -
S — — 308.23+7.10b — — 329.40+22.07b
M — 190.20+23.56a — - 149.33+£2.60a -
W-S 230.23£27.11a - 358.94+22.10a 219.78+21.51a — 441.90+£33.13a
W-M 222.58+35.58a 208.99+30.87a — 207.52+3.34a 120.22+15.07b —

W: BAZRANE S R ER T, M: B 30K, WSt &/NE-BR T —AE G W-M: &/NE-B FR—AEM#. FISIARR/NG TR 3R A — 1R
AR A AL R AE P<0.05 /K- 22 5+ B 3 . W single-cropping system of winter wheat; S: single-cropping system of summer soybean; M: single-cropping system
of summer maize; W-S: double-cropping system of winter wheat-summer soybean; W-M: double-cropping system of winter wheat-summer maize. Different
lowercase letters in the same column mean significant differences among different cropping systems of the same crop at P<0.05 level.

RS5 20172019 FREAMHERKX TEMRIREE=N
Table 5 Partial factor productivities of nitrogen of different crops under different cropping systems from 2017 to 2019

kg'kg
Ptk 2017—2018 2018—2019
Cropping system /N# Wheat K Maize K Soybean /N# Wheat K Maize K. Soybean
w 73.95+3.98a — — 73.524+4.19a — —
S — — 25.23+1.85a — — 28.30+2.60a
M — 82.14+0.36a - — 105.79+9.32a —
W-S 65.01+5.14b — 22.95+1.80a 64.99+3.76b — 25.11+£3.27a
W-M 75.3842.93a 55.07+1.32b — 63.12+4.73b 81.53+4.21b -

W BZANE S AR ERE, M: AR 0K, W-S: &/ E- R TG—4E R, W-M: £/ NE-H AR PR RIS R/ NG PR R —1E)
ARFEFHEFAEP<0.05/KF- 2557+ 3 . W: single-cropping system of winter wheat; S: single-cropping system of summer soybean; M: single-cropping system
of summer maize; W-S: double-cropping system of winter wheat-summer soybean; W-M: double-cropping system of winter wheat-summer maize. Different
lowercase letters in the same column mean significant differences among different cropping systems of the same crop at P<0.05 level.
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W BLZEA N S B BT R M: SRR BT OK WSt &/ -H KRG — AR, W-M: /N2 -H Bk —AE W, AF/NE T8 FR AR FAl
BT P<0.05 K22 7 B3 . P& R TF2{E . W: single-cropping system of winter wheat; S: single-cropping system of summer soybean; M: single-
cropping system of summer maize; W-S: double-cropping system of winter wheat-summer soybean; W-M: double-cropping system of winter wheat-summer

maize. Different lowercase letters mean significant differences among different cropping systems at P<0.05 level. Dot in the figure refers to average value.
B2 20152020 FARMERKHFFHEMEFR R
Fig. 2 Annual average output values and economic benefits of different cropping systems from 2015 to 2020
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W: BLZEA/NGE S S AT R M: SRR BT B OK W-S: /N - KRG — AR W-M: &/NE - B — AR, #i Sk Fom i e i 8], M2k 6w
WA A B WIRYE] BE . W single-cropping system of winter wheat; S: single-cropping system of summer soybean; M: single-cropping system of summer
maize; W-S: double-cropping system of winter wheat-summer soybean; W-M: double-cropping system of winter wheat-summer maize. The arrow indicates the

fertilization time, and the dashed line indicates the interval between two crop growth periods.
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Fig. 3 Variations of greenhouse gas emission fluxes under different cropping systems from 2017 to 2019
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2018 4F 1Y 6—9 H, W 2 1 N,O HEJiCH &I T
fib 4 FpApAEAL K, 10 H—84FE 5 A, M A1 S X 1)°F-
PHEOE EAR T W-M. W-S FIl W R, 0 R it 2
N,O HEGE & IEE R F 22K . WL S, M, W-S
FW-M 1£ 2017 4E 1 2018 4F 6—9 J 19°F- % N,O HF
O 4R B R 32220 7279, 84.14. 70.81 Fl 87.60
ng'm h', 10 H—23814F 5 H F- 35 N,O HEicE &= 43
k32,80, 18.38, 17.17, 31.04 F130.65 pg'm >h ',

CH,, HEHGE 8 1 2 A28 4k JC B o FUAEE, 45 AR AR
A Y CH, HEAGE & MEA E A fE, SRR
Weshtk, W, S, M, W-S fil W-M #i:01E 6—9 F4E
¥ CH, HoE =9 9-2.05. —1.22, —1.41, —4.12 il
—5.92 pg'm >h'', 10 H—24E 5 H 4R CH, HEjiGHE &
I3 —-6.57, —1.31, —1.36, —4.38 FI-2.19 ug'm *h ',
BIFB MRS o
25 AEMEEXNEESEENHARE

MFE 6 Al LLE H, 2018—2019 4E J&F N,0 2 FHHE
FCEART 20172018 4FFE . N[5 B AR AR = W 41 44
M —3, W-M B0 N,O BRI i, A
SFRHENCE M 3.91 kg-hm ™, 23510 W, S HI MR
M 1.52, 136 Al 1.25 % . —4F W9 2 Fh Al 55 =X b iy
W-S B4R N,O RABHE AL b W-M AR i 25
fi 10.7% (P<0.05), HZEFHA (W, S FI M) H4E
¥ N,O R i 8 3 IR T — 4 P W-S Al
W-M #25L (P<0.05), FRZBREFAERA Y M AR
N,O 2R k&5 e WA S A B 4R 7 21.4%
1 8.3% (P<0.05). FH L AT UL, —4F 19 350 1 o A A
I T N,O RFRHEE, H W-M £ N,O 1y R
HET = e o

AN TR A A 2 CH, 2B HE I B O B fH,

2017—2018 4E 7 —0.65~—0.08 kg-hm™, 2018—2019 4E
9—0.30~—0.08 kg-hm *, 2017—2018 4E W fxzLfiY CH,
ZRHE L 5K, N —0.65 kg-hm *; 2018—2019 4E 1)
W-M #5 K 5AK, F—0.30 kg-hm™; 2017—2019 4F, W,
W-S Fil W-M #94F 34 CH, 2 R i 44 241K
T M A SHEE . W-S A4 CH, R AR &
KT W-M 3, ARG 24.1%, H2EF R .

Az 7 AR A B R E RS & (CEjrew)
5 N,O i EFHERCE R AU A . 4F 3 CEyren
LA W-M>W-S>M>S>W; W-S #:7 2017—2019
AR EAR T W-M B, AR 11.1% (P<0.05);
LR FPAE A, M 1Y AE 38 CE e 4390 EL WA
S BRI 2 HE ) 22.7% F1 8.3% (P<0.05). LA L3,
B S S ARHE R A2 N,O SRR R R ),
JF H W-M B Bz R w= AR HE O B
2.6 AEFHEENXRE T

BT 20172019 4F P24 G5 AR & AR HE
Y CFy. CFypey Ml CFpy 136 7 iR . —4FE
AL (W-M Hl W-S) [ CF, i & 5 T 51 2 Fh ki A
X (W, SHI M), W-M 1 CF, 1=, 43502 W
SHI M#E Y 1.7, 2.0 F1 1.9 4%, —4E W 2k Xy
W-S It W-M #5225 2 B AIK 4.7% (P<0.05); FL2Fifi i
B, WAL CF, 23000 e S Al MBS 2 3 in
16.9% F1 9.0% (P<0.05), 5 W-S XA L, W-M #
1Y CFygey Al CFry 43 31 2 3 FEAIL 17.2% F1 16.2%
(P<0.05); HLZME AL, ML) CFygey HE W AT
S B M4 L RN 14.3% (P<0.05), 1Ml S #ER Y CFyy
e WA M43 51 S 2 B 36.2% i 41.4% (P<
0.05). Ak LA, W-M X1 CF, e, (A CFyeey
H1 CFpy B K FH A AR L (P<0.05),

R 6 20172019 ERAREMERXBEEZSEERAHE

Table 6 Cumulative greenhouse gas emissions under different cropping systems from 2017 to 2019 kg-hm™
Pt 2017—2018 2018—2019
Cropping system CExo CEcy, CE{in CExo CEcy, CE i

w 2.90+0.05¢ —0.65+0.16¢ 849.05+20.35¢ 2.23+0.12d —0.15+0.05ab 660.90+33.01d

S 2.93+0.17¢c —0.12+0.16a 870.61+50.97¢c 2.83+0.12¢ —0.08+0.03a 840.52+35.49¢

M 3.27+0.10b —0.08+0.12a 973.86+35.40b 2.96+0.10¢ —0.13+0.12ab 879.54+27.94c

W-S 3.56+0.35b —0.39+0.10b 1 050.14+104.51b 3.42+0.10b —0.28+0.17b 1 010.88+32.94b
W-M 4.11+0.09a —0.24+0.10ab 1219.61£26.79a 3.71+0.05a —0.30+0.05b 1 099.09£14.69a

W: BN S: BB R E, M: B oK, W-S: Z/NE-H R E AW W-M: Z/NE-B EK—FP; CEyo: HAEHFIAIN,O; CEy,: HE
HEJRAY CH; CE e FLEAHF BN Z SR . RIFIAR /NG F-BEFR i) — 8 b5 A IR FE P<0.057KF- 22 5+ i 2 . W single-cropping system of winter
wheat; S: single-cropping system of summer soybean; M: single-cropping system of summer maize; W-S: double-cropping system of winter wheat-summer
soybean; W-M: double-cropping system of winter wheat-summer maize; CEy,: direct emissions of N,O; CEy; direct emissions of CH,; CEgyieo: direct
greenhouse gas emissions. Different lowercase letters in the same column mean significant differences among different cropping systems of the same indicator at

P<0.05 level.
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R7T 20172019 FARRFERHFHRE T
Table 7 Average carbon footprints of different cropping systems from 2017 to 2019

i CF, CFry CFy
Cropping system /(kg-hm ) (kg'kg ") /(kg-MI™)
w 2 869.82+13.79¢ 0.28+0.00¢ 11.76+0.28b
S 2 454.75+17.73¢ 0.28+0.00bc 16.02+0.24a
M 2 631.88+6.66d 0.32+0.01a 11.33+0.47b
W-S 4 744.53+£38.69b 0.29+0.00b 11.80+0.12b
W-M 4 977.76+6.09a 0.24+0.00d 9.89+0.43¢

W: BAZRANAE St BRI M BRI K W-S: A/ NS - R G — 4R W-M: & /N - TR —4E P CF : B4 BRI THT BB S 85 CFyey:
PN K Y BB ARSI CFpy: SN AR R 230 o [ FASIE)/ING 7 R A Rl b AN TR A A 3 UHE P<0.057K - 22 53 . # . W single-cropping
system of winter wheat; S: single-cropping system of summer soybean; M: single-cropping system of summer maize; W-S: double-cropping system of winter
wheat-summer soybean; W-M: double-cropping system of winter wheat-summer maize; CF,: carbon footprint per unit of sown area; CF gy carbon footprint
per unit maize equivalent yield; CFgy: carbon footprint per unit energy yield. Different lowercase letters in the same column mean significant differences among

different cropping systems of the same indicator at P<0.05 level.
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