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Production benefit analysis of annual forage rotation systems in an arid area of
central Ningxia
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Engineering Technology Research Center, Yinchuan, 750021, China

Abstract: Compared with traditional monocropping systems, mixed cropping systems can increase crop diversity in
rotations. However, whether this approach enhances crop yields and economic benefits remains to be verified.
Furthermore, the impact of differing material and energy inputs between mixed cropping systems and monocropping
systems on energy utilization efficiency and greenhouse gas emissions remains unclear. Field trials were conducted in
2023 and 2024 using a randomized block design with three treatments: [maize (Zea mays) monoculture (M) |,
[ Sorghum bicolor/Lablab purpureus-maize (S/1.-M) ], and [Awvena sativa/hairy vetch ( Vicia villosa)-maize (O/
V-M) ]. Measurements and analyses were carried out to determine yield (fresh and dry forage yield) , economic
benefits (output value, costs, and net income) , energy efficiency (input-output ratios and energy utilization rates) ,

greenhouse gas emissions (N,O emissions and emission intensity) , and ecological efficiency indices [EEI,
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(economic ecological efficiency index) and EEI,, (greenhouse gas emissions ecological efficiency index) ]. The
results show that, compared with the M model, the S/L.-M system increased yield and economic benefits by
157.1% and 93.5%, respectively, with material and energy inputs increased by 127.5%. ILabor and seed inputs
were the primary drivers of the increased material and energy inputs, being increased by 67.5% and 60.0%,
respectively, in the cropping rotation system. However, while the rotation system increased material inputs, it also
improved energy utilization efficiency by 211.8% , thereby reducing greenhouse gas emission intensity by 34.6%.
Compared with the O/V-M system, the S/1.-M system demonstrated superior performance in terms of both yield
and economic benefits. Because of its enhanced material and energy utilization efficiencies, the S/L-M system
reduced greenhouse gas emission intensity by 15.4% and increased the ecological efficiency index by 16.9%. These
results show that replacing maize monoculture with the S/L.-M model not only effectively alleviates forage shortages
and significantly boosts system yield and economic benefits, but also enhances material and energy utilization
efficiencies while reducing greenhouse gas emission intensity. Therefore, this model is recommended for the
sustainable development of arid agriculture in central Ningxia.

Key words: arid region; rotation system; mixed sowing; yield; ecological benefits
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WL AEYAIR 7.8 CLAEY TORE M 162 d. IS A g K5 4, pHAE 8. 5, A HLJT 5. 45 g-kg ', WA & 29. 75 mg-
kg ' AR 22. 23 mg-kg ', HACET 113. 21 mg-kg ', AL BE 21. 24 mg-kg .
1.2 B AHH

ASHIF T T 3 1 v B S R O BRI N R T Al R 99. 0%, K ZEAR 98. 0%, TR 29. 7 g, S Y i 35 B
AR s G R SRR R BT R T R SR N 83, 0%, TR E N 32. 1 g, m SR, A PR KRR B K R A
T B B A R R B P AR AR R Villana” B 45 R 98. 0%, KRN 85. 0%, TR E N 22.7 g, 1]
DAIE [V 22 Bl S5 2 1, Tt 98 B8 0 55, Ry 35 A MR A 2 A O T Gk s B0 B L R A U, R g R 98, 0%, KR
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Bt/ 1S . .
At A 6Tk ! S. b‘ifz;?:)f/éL/.z}xE)ureus K Maize
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s i AL/ EHT e
sequence WS /B TRk A. sativalV. villosa FK Maize
A. sativalV. villosa-maize
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Single sowing of maize A. satival V. villosa mix S. bicolor/L. purpureus mix Lie fallow
M) (OV) (S/L) Q)

B1 2023-2024 FARRBEERX T ZEWRAEF TR
Fig. 1 The crop rotation system during experimental period in 2023-2024
O:fAM#ERE A. sativa; V:BH T V. villosa; S:FER S. bicolor; L: PTG L. purpureus; M : T2k Maize. F [i] The same below.
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AN FE 1 m, /NK LR 30 m* (5 mX 6 m) . VR4 A4S BEAE B PE 0L 1, PRl s 3R it R 2 (%5 N=46%)
270 kg+hm ", B 75 3 /P B IR 36 R E (% N=>46%)180 kg-hm *, JR & (& N=46% ) 43 W5 Vit (% R Aij it 40 %
P g JE AT 4K 1 W06 60 %6 V8 R B IR ), ok B R 4 (& P,O,=>46% ) 150 kg-hm * & BR8P (& K,0=>52%)120 kg-
hm 1 Ay 6 A 7 326 Bl R bt A o PR ] FH HE 2 it R R (B N==4696)225 kg-hm 4l e /B TIRIE MR R (&
N=46%)150 kg-hm *, JR & (& N=46 %) 53 P Uit (R A AT it 30 Y6 1R S FENE 315 30 70 %0 /R M3E I ) | i B iR
5 (5 P,0,=>46%)120 kg-hm * FIAT R B (% K,O=52% )90 kg-hm “fF A & I8 75 36 Fh 5 it A o it FH A% AE Rt 5 331
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Table 1 Crop management under different cropping patterns during the experimental period

(&7 #%&Fh H 1] Sowing date Y3k H ] Harvesting date 6 i 1 Pk AT IR
Crop (4E-H-H Year-month-day) (4E-H-H Year-month-day) Sowing rate (kg-hm *)  Sowing method Rowing space (cm)
it 2023-4-9 2023-9-22 30.0 e 70/30
S. bicolor 2024-4-20 2024-9-25 Hole seeding
il JFH e 22 2023-4-9 2023-7-7 180.0 B 30
A. sativa 2024-3-27 2024-7-8 Drill seeding
hrm 2023-4-9 2023-9-22 49.5 €] 70/30
L. purpureus 2024-4-20 2024-9-25 Hole seeding
THT 2023-4-9 2023-7-7 45.0 S 30
V. willosa 2024-3-27 2024-7-8 Drill seeding
ES N 2023-4-20 2023-9-9 35.0 A 70/30
Maize 2024-4-22 2024-9-26 Hole seeding

1.4 N FARR T *
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BF R PR D5 v B ORI 2, FLAR ) 6 K — SO AIR T 0K, BB T Fe 40 PR B AR AR AR e 1k, B A/ X B AL 36 B 3 4>
B FE T AR A 1.8 m*(3.0 m X 0. 6 m) ; #6542 R FIFE BLik , BAS/INX B AL 2L L 34> 50 em A B, B4~ B sl b Jr
AHIE] T mo KSR AR BURE | DR B R A T S 1495 e bk BBORE DU B8y 422 e %30, 6 B9/ X P BB WL 6 ok A A i
A7 5% M T X 5 IBORE TR 0. 6 m*(0.5 m X 1.2 m) o H4 JIr SR AR A A8 0 FF i S R L i 7 o o, o T3 105 °C
AT 30 minJ5AE 65 CHET 2 H AR T FO5 &, e 20 3080 R T 5 4t

1.4.2 2335 2023— 2024 4F 3 56 191 1] |, 4 4F

Y& T 3 i 58 ok AR rh AR N B EE O & F2 2023-2024 EREREER TEEWTIHN KR
(http://datacenter. cngrain. com) Hl # [ 4\l {5 B ¥ Table 2 The market price of each crop under different

(http://www. agri. cn/) 3578 (% 2) . {412k 7= 4 A rotation system in 2023-2024 (CNY "kg™')

WA B AT T I B R R A — o - -
{265y T . T B e A A L 95 B 38 03 5 A S, B o o
B HE A7 T B LR 7 1% D L popres . -
G BRI T RS0 2 I N B IA WG A, sariva 645 725

éFzEJZZIKZI‘Eﬂ E@%{Eo TH T V. villosa 5.55 6.28
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1.4.3 felSaE AHFIE PR A R AR EUT SR RE IR B AT DL AR B RE A = B AT RE AR A
i TR A AR Y A (AR M1 R 2y R N T AL B ) 5 D7 T AN 5 AR R A% T
PRI A 7= P 0 S5 450 A R0 0 S5 ™ it i) ek B e AR ROt AT AR B A Al AT A B RS MR RGERE R B
R 2% e AR RO UL 3.
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Table 3 Conversion coefficient used to calculate energy equivalent in agricultural production activities'"*™"

it [ 25 HAfy HER R %L ok A 7 i 2R B FOEME R B S50
Item Category Unit Energy conversion Emission coefficient from Emission coefficient Reference
coefficient production of materials from materials use
(M) (kg COLe-unit™ ) (kg COLe-unit™!)
WA RAEFE>18 % Adult male™18 years h 1.96 — 0.035 [19]
Input g 4 424> 18 2 Adult females™ 18 years h 1.57 — 0.035 [19]
5271 Diesel oil L 56. 31 53.27 3.320 [20]
i hi ML Tractors h 332.00 3.32 — [20]
ZJE Nitrogen fertilizer kg 60. 60 0.81 4.960 [21]
I Phosphate fertilizer kg 11. 10 0.11 — [22]
A& HU 5 Insecticide kg 120. 00 — — [23]
FOKFPF Maize seeds kg 15.10 — — [24]
T AL B F AL sativa seeds kg 15.50 — — [25]
it SR S, bicolor seeds kg 17.35 — — [26]
P TR F L. purpureus seeds kg 14. 20 — — [27]
EHFHT V. villosa seeds kg 14. 50 — — [27]
7= Tk T 9 I Maize dry matter kg 18.00 — — [28]
Output e s 52 F ¥R A. sativa dry matter kg 16. 30 — — [29]
EE TS, bicolor dry matter kg 17.80 — — [30]
PO ETYE L. purpureus dry matter kg 18. 30 — — [31]
EHTF TR V. villosa dry matter kg 20. 20 — — [31]

AR R CRE I N T RE AR A KR BE T L AE e R F 2808 RN e R R e O B o DL A
BV AR T G M A R 1 0 1 8 T A e Ry v B M B i (S. bicolor equivalent yield, WEY), HI T LLEA
[ AER AT I RG AT,

e =REE )7 —RER A (1)

e B =fe " ) /REE S A (2)

AN TREE B A GE S =R &= th/ A TReE A (3)
e A AR =4 i/ R A (4)

Ak i PRI R ) =1 e /e A (5)

L4 RECURIFBRAVESROEIE  ABIION % I 00 “UR 645 COMN0™ . 72 1004
BLREE T, COLNLO 45 50 8 4B 351 F L1 265 4645 COLSRE™ L COLHERCE 35K T IR I T ¢
AT YR S R OB HRBOTSEHE . 1 N.O HERCHEE TR (L Sh S I U (kg N.Owa ) 158
AR

11
Nz()ﬂkﬁﬁzi(kg-aﬂ:ﬁ&/\%><o.o1><7 (6)
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i 2= S AR HE SR JE (greenhouse gas intensity, GHGI) 3 &6 i = S HE i = 5 2R 487 A9 FLAER A 5
GHGI= GHGs/Y (7)
K GHGI A kg COserhm *ra s GHGs 2 il & ARHRE , 547 kg COLehm *ra ' Y J& FAALTH AR 7~
&L, N t-hm 7
ARSI B 7 T o AR R BE A B R A TR AL AR L AN I 5 SR AR S BB 35 SX (eco-efficiency index,
EED) ffij i 4 MR A 20 F 19 R G 2s , B2 LR AR
2% B REFE B (EEL,) =& ik 25 /RE TR A (8)
T = SR HE A S AR AR B (EE L) =2 I 25 /1R = AMAHEI R (GHG,) (9)
1.5 HIBAIEE 54
FI F Microsoft Excel 2019 %% {4 # ¥ % % ; % FH SPSS 25. 0 G i+ 8 4F #4707 2 70 #1 (ANOVA) | £ & H i
(Duncan) ; | Origin 2021 # {41 & .

2 HBREHSH

2.1 RRBEERXTRAAT EREFAESH
93%4}5)?2_\‘ ,Klﬁlﬁﬁﬂiﬁiﬁ??‘:?ﬁ@iﬁfgiﬁ T4 20232024 FEFRRBEEXTEWMmE
JF*PFﬁ - ﬁrrﬁ%% 5 (P<0.05) I? S/L MFP Table 4 Crop yield under different rotation systems in 2023-
= Y Y 2 B N .05), = - i

2024 (kg hm™)
, é Ve =N _ Ha I,
AR, 2023 4F | £ 4 fif 55 7 B 7 MR O/ V-M A X T Yeur PryT— prom e
N 57}'%” F%{EE T 74.4% F136.6% ,2024 A 0] 67\7”1‘” IZ% Rotation system  Fresh grass Hay grass
ik 7 81.0% M143.5%,20234F , RE T H 7 & EM yield yleld
F1O/V-M K2 F 48 W B I T 70.8% M1 35.5% . 2023 O/V-M  144.55£0.72b 38.790. 15b
2024ﬁ5m\ljé:},%ulg%1&T 635% ;Fn 302%,5M*ﬁf§ S/L-M 227.90=£0.74a 60.17%0. 16a
M, 20234F , A G B 7= 54 S/L-M fil O/V-M M 58.23%0.17c 17.5440. 20¢
TS . 2024 0/V-M 141.8441.06b 48.39=£0. 28b
PR 20 B R T 291, 4% A 148. 2%, 2024 4F
. R e S/L-M 251.18+0.82a 69.36+0.60a
Iy IR T 81.0% 1 196. 9% 52023 4F , R 45 T #E
o M 47.77+0.22¢ 25.35=+0. 16¢
=R B _ Sl =1 E-“
7R E S/L-M R O/V-M # 38F 40 B4R & T e o ———
0/ 0 AN H 2 0
243. OA ﬂ] 121. ZA ’ 2024 ﬂzmu A %IJ% = T 173. GA e /ERES Rotation system <20. 001 <20.001
1 90. 9% 5 5 O/V-M B UH ,2023 i ’ /’%gl‘ﬁig A5y X AEBL L Year X rotation system 0.078 0.953
Fiﬁ M *ﬁiﬁ‘l: E%{EE 159.7% ’ S/L-M *ﬁi‘?}/‘% O HMEE A, sativa; V:BHF V. villosa; St # S, bicolor; L:Hi
157,70, 2024 AE M AE ML FEAIR T 47. 6%, LG L. purpureus; M: K Maize. /R [f/NG 5 REAR 2 7 — 45 4 AR [ 48 18

S/L-MBE FHE T 43.3%,20234F , &R 4 T &= B Z i) B A 3% %2 5 (P<<0.05) . Different lowercase letters represent
significant differences among different rotation systems within the same year

AR MABGUR BT T 54800, S/L-MBUT 42 (P<C0.05). F[A The same below.
1 55. 1% , 2024 4E M AE ML T FEAR 1 47.6%,S/
L-MAE R8T 43.3% .

1 3% 5 7R, AN RS PR R AR 28 40 R0 (8 RN 58 4 B A7 A8 10 3 22 5+ (P<<0.05) . 5 O/V-M A LE , 2023
B LRGSR E R U RN R E S/L-M AT 43 i 4 & 15.3% . 16.5% Fil 15. 0%, 2024 4 W] 43 il 2 & 1
16.5% .16. 2% F116.5% ; 5 M B AR EL , 2023 4, R G0 L7 H BB 48025 A= B HfE S/L-M BN 43 1) 2
188,106\ 47.8%6.95. 206 FN77. 2%, 2024 A 3 il v 1 85. 196 .36, 796 .92. 7% F 76. 4% 5 5 2023 4EAH 1L,
2024 4F R GE R LRSS R AL 25 AE O/ V-MBLEUR 23 5l B2 85 T 14, 1%6.5. 626 #1115, 5% 5 78 MR 43 51 42
T 44.500.27.8% M1 76. 2% s 7E S/L-M AT 3 Bl 4w 1 15.3%.5.420 F116.9% ., sk, 5 O/V-M XA
b, R S/L-M B RE S 32 i R 2 435 15. 8% . 2023 5 2024 4E Wi 4 ] , 4% R G5 N T4 A — 50, &3 55
TC 2 S s MAE R b T4 A A%, S/L-M B e 5 5 11 S/L-M 5 O/ V-M A5 2 1 b A 3 380 22 5 58 25 4k T 1) —
Ko
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RS5 20232024 EARBRERKX TEMEFHE
Table 5 The economic benefits of crops under different rotation systems in 2023-2024 (CNY *hm™)

YRR oy FHUE Total input L PRI
Year Rotation Total out-put Tk T kAR AT 25 Net benefits Output
system Planting  Seed  Chemical fertilizer ILabour cost Total input/
2023 O/V-M 67874.4042579.98b 5535 2551 1187 1036 10009. 71 57864.70+2579.98b  6.78
S/L-M 78226.2312082.51a 5500 3752 1367 1036 11656.06  66570.17+2082.51a  6.71
M 9295. 80+1085. 89¢ 1586 2428 1032 1036 6082. 47 3213. 331085. 89¢ 1.53
2024 0O/V-M 77416.851-4421. 08a 5535 2814 1187 1036 10572.45  66844.40+4421.08a  7.32
S/L-M 90170.1947805. 62a 5500 4377 1367 1036 12282.35  77887.84+7806.17a  7.34
M 13433. 78+860. 79b 3209 2428 1097 1036 7770. 67 5663. 114860. 79b 1.73
A4y Year 0.021 — — — — — 0.036 —
e AERIF Rotation system <<0. 001 — — — — — <<0. 001 —
Ay > SRR 0.611 — — — — — 0.526 —

Y ear X rotation system

2.2 FRREBEBRXT 2L TEANFA R HE

B 2 0] R AR R S E A s e A R R A L BIEAE 2 57 0 fEY I BaE R AR
11533~20369 MJ-hm °, 2023 4F, £ K 1Y GG 4% A R &, 40 0 F i JH 822 1B 3 1 12,620 F143.4% .
BT 00 BR U £ B R B A2 S0 L R SRR L G A 52, 496 AN 4. 1% . BH R B A Rl T R ARG, 20 B e A
H#MEE BH TFHALT 90.0% F178. 2% o 51 FH#HE 2 AT = 5240 L, B 7 10 AERLRE & 386 A B AIG, 20 BRI T
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Fig. 2 The distribution of energy input of each component under different rotation systems
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Table 6 Energy use and input-output relationship under different rotation systems

0 LRI BB AEE AL LE N LR #ARE I 3R A=V UIEEVES RE AR A BE )
Year Rotation system Energy output  Energy output-input fit J7 Human energy Energy use efficiency  Energy profitability
(MJ+hm ?) ratio use profitability (kg-MJ ) (MJ+hm ?)
2023 O/V-M 57.01£2.17b 55.11£2. 09b 1440. 50+ 63. 39a 3.75+0.14b 54.11+2.09b
S/L-M 88.46=E2. 35a 86.35+ 1. 84a 1569. 76 +55. 62a 5.87+0.13a 85.35+1. 84a
M 25.78£3.01c 20.56=£2. 42¢ 426.51£53. 44b 1.40+0. 16¢ 19.564+2.42¢
2024 O/V-M 71.13%4.06b 68.68+3.49b 1828.28+111. 60a 4.6740. 24b 67.68=+3.49b
S/L-M 101.9648. 83a 99.29-+8. 55a 1753.03£157. 52a 6.75+0. 58a 98.29+£8. 55a
M 37.26%2.39¢ 29.40+1.92¢ 597.03+45.08b 2.00=£0. 13¢ 28.40+1.92¢
AEAR Year <20. 004 <20. 004 0. 006 <<0. 004 <<0. 004
1B Rotation system <0.001 <0.001 <0.001 <<0.001 <<0.001
A5y X FEAEBL 2L Year X rotation system 0.953 0.827 0. 430 0. 826 0. 827

2.3 RRABMHEHRXTAAESREFRTARIEK TP LRE

7R, AR ER T R GRS SR (GHGs) FIHR % AR HER B (GHGD M fE7F 3% % 7
(P<<0.05), 5 MR A, 2023 4F , 245 GHGs 1E S/L-M 1 O/V-M # 2 F 43 B FEA% T 5. 1% F117.8% , 2024
AE N A BIREAR T 5. 7% #1018, 3% , 2023 4F , & 45 GHGIZE S/L-M A F R T 81.4% ,0/V-M X T E T
44.1% , 2024 4F ) 23 BIFEAR T 66. 1% F157.6% ;5 O/V-MELR A L, 2023 4F , £ 4 GHGs 1E S/L-M Hl M i =
AR T 15, 4% 121, 7%, 2024 4 W 4 S T 15, 4% M122. 5%, 2023 4F , &4 GHGIAE S/L-M Hl M #5
KT BEAR T 87. 1% F130. 6%, 2024 48 , W 7E S/L-M B FRFEAL T 20. 0% , M B FHE T 136.0% ;5 S/
L-M A [, 2023 48, 248 GHGs 7E O/V-M B T REAR 1 13.4% , MA 45 15420, 2024 4F 7 O/ V-
MEERTREMT 13.4% MEERX TS T 6.1%,20234 , &4 GHGIZE O/V-M M M KX T 4> 948 & 7
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673.7% F1236.8% ,2024 4F , Wl 4 M 42 5 T 25.0% £7 FARAEYBEER TREERESEHNEMEESKERE

F1195. O% ) Table 7 Greenhouse gas emissions and greenhouse gas intensity

i 3, AN A AR R A BF A SR

of the system under different crop rotation systems (kg CO,e"

hm>-a™)
Bl % PR (TR VB 2T = : I Hede
HE i R (EE L) LR G 1 % TR 252 B 4 P §e MRt WA R
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N AH L2023 4F, R4 EELLEM 1 O/V-M #i 5 F 2023 O/V-M 529.914+4.95¢  1.47-0. 0da
A3 AR T 96. 0% 1 13. 8% , 2024 4F , T 43 5] B4 % S/L-M 611.6945.29b  0.19-40. 00c
T 94.1% FI15.0% ,20234F , & 55 EE Ly, 76 M Bt M 644.87=2.89a  1.02220.12b
- . 2024 0/V-M 529.9144.95¢  0.2540.01b

THAET 93.9%, O/V-M B2t F 4% T 0.3%, o
2024 4F T4 SFEE T 91. 0% i 1. 0%+ 5 M Hi sk S/L-M 611.6945.29b  0.20-0.02b

Sakalult oY CYINTS e x M 648.89+4.10a  0.59+0.04a
HILE , 2023 4F , R4 EELy 48 S/L-M 1 O/V-M X 0 Year 0731 —0.001
?ﬁ\%ﬂ%% 196.026 #195. 4% ’ 2024415 ’ m‘IJﬁ%uj% A E R Rotation system <20.001 <<0.001
T 94.1% M 93.0%,20234E, &4 EEL;”GT{ S/1- Ay X FEAEBL L Year X rotation system 0. 884 <20.001
MAO/V-MER T4 E 17 93.9% f194. 0%, GHGs: i & SR HE i & Greenhouse gas emissions; GHGI: i 28 <44 HE il

2024 4F W 4> B4R 5 T 91.0% 1 90.9% ;5 O/v. R Greenhouse gas intensity.
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Fig.3 System ecological efficiency index under different rotation systems
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