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Evaluation of the eco-efficiency of the integrated crop-livestock agricultural

system based on the network DEA model
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Abstract ; Integrating crop and livestock production is an important agricultural practice that aligned with the goals of green
agricultural development and sustainability. However, existing studies often overlook the material exchange between
livestock and crop production in evaluation of agricultural eco-efficiency, resulting in an inability to accurately evaluate
agricultural eco-efficiency and the mechanisms for its enhancement. This paper constructs an evaluation framework of
agricultural eco-efficiency, incorporating the interlinkages of the crop-livestock system through “chain” perspective. By
dividing the crop-livestock system into two mutually coupled subsystems, a network Data Envelopment Analysis ( DEA)
model based on Slack-Based Measure (SBM) is employed to measure the efficiency of each component of the crop-livestock
system across 29 provinces and cities in China from 2000 to 2021. The findings indicate that the aggregate eco-efficiency of

China’s integrated crop-livestock systems exhibits an upward trajectory yet stays at a comparatively low level, averaging
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0.5975. This suggests that while progress has been made, significant room for improvement still exists for the eco-efficiency
in China’s integrated crop-livestock systems. Regionally, the northeastern region exhibits the highest eco-efficiency in
integrated crop-livestock systems, followed by the eastern region, while the central and western regions show relatively lower
eco-efficiency. Both livestock and crop systems contribute positively to improving the eco-efficiency of the integrated crop-
livestock systems, with livestock systems making a relatively larger contribution to the overall efficiency enhancement.
Several key factors contribute to the efficiency losses observed in the four major regions of China. The primary reason for the
efficiency losses is the redundant labor inputs in grain production, highlighting an urgent need to enhance mechanization in
Chinese agriculture as well as promote the transformation and substitution of agricultural input factors. Additionally,
redundancies in fertilizer inputs and the emissions of livestock manure pollutants are significant contributors to eco-efficiency
losses in integrated crop-livestock systems. Scenario analysis further reveals that the integrated crop-livestock systems can
reduce redundant inputs of fertilizers and feed within the crop-livestock cycle, thereby decreasing non-desired outputs and
enhancing agricultural eco-efficiency. Specifically, after integration, fertilizer input redundancy decreases from 48.55% to
23.22% , feed input redundancy decreases from 34.93% to 22.94% , and non-desired output redundancy decreases from
53.39% to 29.39%. Given these findings, future efforts should focus on optimizing the layout of crop-livestock industries
based on local agricultural resource endowment, enhancing the integration between crops and livestock, and improving the
circular industry chain of crop-livestock systems to promote the green transformation and sustainable development of

agriculture.

Key Words: network DEA; non-desirable output; direction distance function; integrated crop-livestock system; eco-

efficiency
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Fig.1 The integrated crop-livestock circular economy system
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Table 1 Explanation of the input-output indicators for the integrated crop-livestock circular economy system
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Fig.2 The eco-efficiency of the integrated crop-livestock system and the subsystems in China from 2000 to 2021
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Fig.3 Changes in the eco-efficiency of the integrated crop-livestock systems in China and the contribution of subsystems from 2000 to 2021

At XCREARCR EAR =, O 07172, AR FRIR 2, FR ARV 3 4t X RCR B, IR 98 T AR GRS i e A9 2 7R S
DX, FURARYON Hal ZRAERIPE X, B AE T 2R SRR i (9 2 AR AU X, FLUCGRZR S i A vy A X
ARACHBIX A b FREE & A SRR A £ 2T f TAOW MU MR i AL FRE 5 . AR X 22 57 A ik FE B 4
PR FERBIAE 5 T E A LR, T P AR ML IX 32 2855 2K SRR B 200, A0 AR K AR X 7%
Ja o MASHIX B IREE 5 B 45T R GBCRARNT DR R0 P AR E s XA IR 25 5 B AR A P iy, 78
TR DX ORI IEAT TR (] 4) o RORIRTHRZ B ARE AR ILH# X, HOO h R IX

F2 2000—2021 ERPEBMFRILMRAHFRESUEHDEREFRETHK
Table 2 Averaged eco-efficiency of the integrated crop-livestock system and the contribution of subsystems in Eastern, Central, Western,

and Northeastern China from 2000 to 2021

RORAH BT RGE T %
K Efficiency value Contribution ratio of each subsystem/%
i, [X.
2 R Kl 2R %
Region FRILRSACE — JRIARSACE o e RIS ik
Efficiency of the  Efficiency of the o .
. Overall efficiency Crop system Livestock system Overall
crop system livestock system
ZRARHLIX Eastern region 0.6697 0.8840 0.6829 43.11 56.89 100.0
HFRHLIX Central region 0.6232 0.7307 0.5545 46.03 53.97 100.0
PHHRHLIX. Western region 0.5492 0.5755 0.5019 48.83 51.17 100.0
ZRAbHiIX Northeast region 0.7730 0.7255 0.7172 51.59 48.41 100.0
4= [E#4{H National mean 0.6292 0.7295 0.5975 46.31 53.69 100.0
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Fig.4 Eco-efficiency of the integrated crop-livestock system in the Eastern, Central, Western, and Northeastern China from 2000 to 2021
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TR TTRRE R, TTRRRAE 60% L Lo X T YRR ML IR UL, P R SERCR 1Y T B S BRI A IR A & A 853K
RN RER RN ARG DO AR AR A DL 3 32 7= DX, R R GERCRAR T 8, Bl R S8R 1§27
TTHR 1B A SRR IE T 85% , AH LUEFIAE R SR Ul , ARAEHLIX A9 I8 R TIA ] 2.,
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Table 3  Fluctuations in the eco-efficiency of the integrated crop-livestock system and the subsystems in Eastern, Central, Western, and

Northeastern China from 2000 to 2021

ORI E HTRGWE LR/ %

Hi[X Efficiency fluctuation value Fluctuation ratio of each subsystem
Region AFHFRSE A FHRG A H 06 P35 FMER Ik

A Crop system A Livestock system AOverall Crop system Livestock system Overall
ZRARHLIX Eastern region 0.0046 0.0081 0.0079 36.27 63.73 100.0
HFFEEHLIX Central region 0.0021 0.0035 0.0021 37.52 62.48 100.0
PUHRHLIX Western region -0.0061 -0.0021 -0.0048 74.67 25.33 100.0
ZRALHBIX Northeast region 0.0102 0.0018 0.0079 85.01 14.99 100.0
4= [E#{H National mean 0.0010 0.0030 0.0023 24.67 75.33 100.0

S RARAEAE P A RO R R4S 4 R SRR 50 3 4 BUR AR (0<p <0.6) (AFAHE (0.6<
p=<0.8) BHHR(0.8<p<1) , ATRUAZB A M IRES G AR S RORAE R A48 1) 32 288 AP e ARt XA AR
HBIX, ARG P DR AR XS B, Herp AR AR XA B SRRk DL B Iy A b st R B T
T ZRATZR 6 AT, (5 HEN 60% , BEARCR Fom i) L ORELEE] T 0.8614, At kB 45 1
ROREAE- YA Oy A TLPE RN R, o5 LR 33.33% ; P8 3 L DXIA B b SR RCR K 1948 A AT B, i ek
20% ; ARACHLIX =8 13 B B SRR A K (5 EE 100% o Ak TSR K (1948 1 S B v A H R, 4
PR T PG R D, H R A RO, AR 0.3012, 52 HARFNZE T A5 A BRI, Pa 1L DX Ay Aol A= 7= Bk il
FAEIE B IRah R BB R, A 2R 707 AT U B, PRI IR 485 5 AR S RCRATIAE THAROK . 57
FHT R GCR B A 1 R TR ES B ROKF A BB ROCR LIRS A A 10 V095 AR IR AR L b
iy R WL AERCHIEL T 10 A, P T RERCR R BB RIS A A e S5 AR AEsT TI0G AR
JIT, HM BRI T RGUBCR A T R GRCR B R AR, BCR(E 715109 0.3633 H10.2748 (K 5)

Vo N
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Fig.5 The average eco-efficiency of the integrated crop-livestock system in each province in China from 2000 to 2021
2.3 ARG G A SRR R KB T 1)
MR SBM HRL, MR <1 I, A5 & Y KN AT DL AP A SRR IR Y IR IR . A SOR 2572 B i 4%
AT AR st R LA L A5 HRFE AR BT B ATTA ™ A 248, DU S el A= 7 TR I 7K
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9 1) JAH AT ML DEA BRI R FREE & A ABRURIEAN 4569

M 4 T LU S8R AR P IEACR ) 32 B R R 55 sl A TUA RO TS P I HE RO AR L AR 2 AR
I ARREHEATCAY, Herpr Bl L AFREE L 55 30 F18BEATUAY RS54 39.829% Fll 28.30% , 156 A i [ Flvke sk Al 5%
B R AR ST B AR AT TG R TTAR R SR R R 3 Horb 2003 4E 1 2018 AE T REAI R, LI 2 fls
YL TR FREE G RCRIUR 5 KRR B AORE LB A TUAR R T SR, 2019 45 KiE TR, X
52015 45 Tk E R St AL IO AR 25 T4 K AT 3G 56, AABAR 25 R FH 3R IR 5 40% LA 1) Rl RGeS 5R
W FER H T o7 sh AT, RO AR 25 AR B ARRE 5t s 48 A DL AR B TS Y HEOTUAY . IR A 7=
BRBATURF LGRS , ARANEDFIRI A A AL 97 5 1 ARIE A 25 B A TT AR 38k R 52
R AR TUA R AR AR T B B 6 I v LRI R G B AR A DA R R IR A IE 5 A5 A5 B
Ho FIRGICRR EZORIE TR 55 2 IR ATURFZEME ™15, IFRFH RGN TR R AAE IR
F, ] BATERHATUR R 2T S X 55 SR A K8 DL SRR
KRR R A DG, FRAEAEIEE 7= B3R =15 TUAY R R 0 T PR 3 R R v [ 3558 2R G0 2 A 1 % 9 U
R IEAEZ 3T

R4 20002021 FLEREHRRIHRESESHUEERRANTHRRER
Table 4 Eco-efficiency of the integrated crop-livestock system and the input-output redundancies from 2000 to 2021
JEE= U RS

Unexpected output
Input redundancy rate
A GES:I redundancy rate
. Efficiency e e b)) IR =35 o
Year I L L I = . $f3s
vaiue . . Vi) Livestock . B} Chemical
Crop labor Chemical ~ Agricultural . Livestock o Fecal
. ) Pesticide labor . Fodder fertilizer .
force fertilizer film capital ) pollution
force pollution
2000 0.6268 0.4633 0.3104 0.2509 0.3292 0.4300 0.0534 0.3196 0.3415 0.4030
2001 0.6259 0.5732 0.3592 0.3114 0.3877 0.5457 0.1162 0.4241 0.4204 0.5340
2002 0.6069 0.4728 0.2580 0.2610 0.3128 0.4043 0.0447 0.2672 0.3422 0.4032
2003 0.6482 0.3583 0.1882 0.2267 0.2330 0.3285 0.0378 0.2180 0.2509 0.3135
2004 0.6048 0.3912 0.2386 0.2112 0.2934 0.3048 0.0321 0.2229 0.3071 0.3134
2005 0.6073 0.3933 0.2602 0.2248 0.2855 0.3164 0.0439 0.2405 0.3248 0.3455
2006 0.6718 0.2763 0.1593 0.2027 0.1832 0.2335 0.0431 0.1857 0.2029 0.2514
2007 0.5510 0.4457 0.2752 0.2779 0.2762 0.3684 0.0573 0.2320 0.3478 0.3268
2008 0.5246 0.4004 0.2427 0.2568 0.2755 0.3440 0.0879 0.2182 0.3147 0.3249
2009 0.5425 0.4514 0.2466 0.2529 0.2759 0.3618 0.0827 0.2531 0.3329 0.3632
2010 0.5790 0.4550 0.2562 0.2310 0.2954 0.3091 0.0578 0.2575 0.3215 0.3634
2011 0.5432 0.4437 0.2474 0.2448 0.3013 0.3148 0.0633 0.2074 0.3167 0.3274
2012 0.5459 0.4937 0.2696 0.2904 0.3307 0.3285 0.0931 0.2517 0.3509 0.3643
2013 0.5620 0.4838 0.2647 0.2971 0.3202 0.3019 0.0996 0.2513 0.3480 0.3665
2014 0.5782 0.4354 0.2538 0.2862 0.3041 0.2428 0.0813 0.2517 0.3301 0.3603
2015 0.5966 0.4420 0.2627 0.2943 0.3087 0.2341 0.0789 0.2369 0.3331 0.3466
2016 0.5682 0.4445 0.2607 0.2952 0.2940 0.2543 0.0825 0.2202 0.3253 0.3167
2017 0.6245 0.4503 0.2703 0.3448 0.3297 0.2495 0.0861 0.2832 0.3467 0.3566
2018 0.6688 0.3602 0.1917 0.2400 0.2335 0.1524 0.0695 0.2136 0.2451 0.2925
2019 0.5741 0.3457 0.1961 0.2597 0.2547 0.1386 0.1178 0.1833 0.2435 0.1927
2020 0.6181 0.0924 0.0469 0.0856 0.0772 0.0340 0.0603 0.0431 0.0627 0.0594
2021 0.6758 0.0873 0.0495 0.0667 0.0718 0.0282 0.0488 0.0654 0.0565 0.0684
HI{E Mean 0.5975 0.3982 0.2322 0.2460 0.2715 0.2830 0.0758 0.2294 0.2939 0.3179
TR HIX
. 0.6829 0.3012 0.1996 0.1757 0.2696 0.1708 0.0281 0.1730 0.2384 0.2304
Eastern region
HE S
E!Jéﬁ Ll . 0.5545 0.5300 0.2647 0.2455 0.4580 0.3794 0.0360 0.3089 0.3547 0.4235
Central region
S
ﬁéﬁ bl . 0.5019 0.5071 0.3045 0.3678 0.2228 0.3986 0.1688 0.2913 0.3855 0.4200
Western region
ZIN i x
AR 0.7172 0.0948 0.0349 0.0754 0.0676 0.0788 0.0046 0.0521 0.0519 0.0583

Northeast region
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PEAN A R X A R SR 45 B FOR B R G IR PR e B — 8 1 D25 5, R AL =15 042 S 8UR
5 Hb DX o 2 45 G 5RO 1) SR LR e R 2 T 3 8 3 IR ™ 5 AR 2 4 A TUAR 2 B0 P b X P 75 45 B RI0R i
KM EEREN . F25E 57 8 A TUR AR AR ATUAR SR AR AU X Fp SR 45 B ROR IR I B2 R, PEb X
FhFREE SRR B T 252 e R B AL G R AN TR R G055 3 IR VU SR BB A TUAY . B E IO R IX.
AR 1 1 R R R A AR 55 B 4R AU, BB B iR A iR T B2 TR A KT, SR RO S A
REFIA, 1AL, AL I R IR0 8, S 8O0 & S 38 IR A 15 86 O A, BB R TR E
155 W B E L SN R AR I, 2 T M35 R G EBRFCRMEETE . BRI, AR N 25 A 45 Hh DR 8D 4 1
DL 4548 TR SR 45 5 3R TR B el 7 1a) R g HEE AP 3R R GE AR R A 7= 040 B P A SR A
2.4 FhFREEG SRR G SO LA b

K FE St L 7 20, AR T AR A5 6 SRR 0 BRI T AR AR SRCRXS Lt . h3R 5 ATLLE
t FERP RS BAE ST FIVE RGRBCRIE R 0.5684  F2FH R ACR(E N 0.6207, MAERNFREE GG = T, i &
G RNSRHE R G IRCRAE ST IR TE R 0.6292 1 0.7295 , 1 DL FP 45 & BEME A RR T4 AR B3R . S AR
GuARLL, R FREE A R AR ATTAR I 48.55% FRES 23.22% ; ALIE = 15 AL ™ H TUA M 53.39% T &3]
29.39% ., SFIHRGAHM L, B G RGE R REHEATTR M 34.93% T FEF 22.94% ; 26 4d 7= 15 36 B2 ™ 1 o0
RN 40.87% FFER] 31.79% ., FTLAKR IR, 38 L Fh SR 45 G BB A F B H5 A A TR 75 G /b, DI 42 1 77
SGRE,

K5 WREASHASEBETRULESHEEI L

Table 5 Comparison of the eco-efficiency between crop-livestock integration and crop-livestock separation scenarios

PRI 8 FhFdia
e Separated crop-livestock system Integrated crop-livestock system
Efficiency value and redundancy rate Fhil 240 RS FHE RS KRS
Crop system Livestock system Crop system Livestock system

WA Efficiency value 0.5684 0.6207 0.6292 0.7295
P57 3 J1 3 ATU4 Redundancy of crop labor input 0.6759 — 0.3982 —
FEREHEATTA Redundancy of fertilizer input 0.4855 — 0.2322 —
LA ATUAT Redundancy of mulch film input 0.5313 — 0.2460 —
L2545 AJUA Redundancy of pesticide input 0.5351 — 0.2715 —
FETH S5 5 1A TUA Redundancy of livestock labor force — 0.4750 — 0.2830
FRI AL ATUAY Redundancy of livestock capital — 0.3135 — 0.0758
T RHEATTAY Redundancy of fodder input — 0.3493 — 0.2294
FEREF=Y5 TU4 Redundancy of fertilizer pollution 0.5339 — 0.2939 —
215704 Redundancy of fecal pollution — 0.4087 — 0.3179

3 #ipSitie

(1) WNBCERIER/ IR, PR 45 G BRI THARSCR K . 2000—2021 4F K [H 29 M8 T IR 45 & 4R
RO E TS B T RRSCR K, BME o 0.5975, INAERERE , F#5E T RGN R 45 6 KGR TR
RTMHET ARG, EA R AT 2257, AR pu R X5 4 B PR — B0 (H AR U X R~ R G BT T 5%
TR, &F RGBT M X R ARG & SRS A A

(2) NIXSZE AT BRI AT AR KON BTG . ARAE B IX S5, AR PR, i i R P 8 A A e
29 AT R LIEAE AU A ML IX R SR A5 & RGUAL THOR AFROKF R SRaE & A RAE; i 5k L
B TTPERIZRIETT 5 48 T ARE R G0IK BB R RORIKF ; h P9 0 AR (A AR

(3) WA TCR MR BRI AE 7 JORCR B 22 N J2 55 3 A TUAY AR T5 G W HE L
TURVI LAy AR ACNEBEATCA  FhIRES & ] LA AR B A TUAR TS RO TR - T AR S30R
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ETU 458 B80T ER,

(1) SREUFPFRES A 1Al Az 7= 7 AT DA S804 s ol AR A8 3 . AR W AR i b 5 pE 8 A1t A 35 7l A
Ja AR FREE B AR HE AR Sk (G R e JR () B BB i AL B A 9 4 SR s AR AR | 2 S5 b 7%
SR GERAC R A8 8 58 3 R IR OG0 7=l %

(2) FEAR A =it A rh B  AR ARl AE 7= 28  3 R TH RO AL S IR S5 OKF- . H R, BUREAL IR A
U 4G AL (AR AT DL /INA oA E RIBEAG SR A I 5 /N P AT B B 2R TS I AN A8 B B AR B T
Yy TP IREE AROR IR T, AR B Z I — 2 R TR At S AR 55 KT, /AR 5 BB Ak 55 58 3 1 A 5
iz,

(3) FEHESEFPFREE & K b FE v | o7 7000235 45 45 Hbu DX 35 b 5 5 B B 38 38y 1) RS 7, S Y e
LV BN B A B I TR AR R A A ST AR 4R R K AR AU X SRR T R AR
BN, DIGE A Fh 245 A A SRR AR T 5 38R0 PG 30 b X o 0 — 25 AR AR ) B2 3 AR B TR IR &R
G ZS AR St AO R S ORI

(4) KR — 2 e A B AN B R L RUBRAC, IR T BRI K, AR, T B DU K X IR
PR I B 2 DA SRR 95 20 A TUARY , BEEA B AT EE RO LA AL A TP SR AR, 7 S BE Ab R W4 2 LA R
A 55 SIARW IR T 5N I — e TR A BE R SHE G AR R S TR 3R
K-
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