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Abstract ;[ Objective ] It is crucial for the goal of emission reduction and efficiency increase as well as ‘carbon
peak and neutrality’ in black soil to explore the temporal and spatial pattern and evolutionary trend of the
ecological efficiency of cultivated land use in the black soil areas of Northeast China, and to integrate carbon
source and sink into the process of cultivated land utilization. [ Methods] Based on the super-efficiency SBM
model, kernel density estimation, exploratory spatial data analysis and spatial interpolation tools, this paper
systematically investigated the spatio-temporal characteristics and evolution patterns of the ecological
efficiency of cultivated land use in the black soil areas of northeast China from 2006 to 2020. [ Results ] The
ecological efficiency of cultivated land use in the black soil areas had experienced three stages of fluctuating
rise, significant decline and rapid recovery, generally at a high level of development. In addition, the efficiency
value of the northern marginal cities was significantly higher than that of the central and southern areas. The
polarization situation between the base period and the end of the period was particularly significant, and the

overall development was seriously unbalanced. The overall spatial correlation characteristics of the ecological
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efficiency of cultivated land use in black soil areas were not obvious, generally presenting an ‘edge center’
spatial diffusion pattern, which decreased from the high value concentration at the north and south ends to
the inside and around, and then formed a number of blocky high value areas and low value distribution belts.
The scale agglomeration advantage was underutilized. Input and output redundancy existed to varying degrees in most
cities. The problem of labor and fertilizer redundancy was relatively severe. Carbon emission redundancy was a
common factor that causes the loss of ecological efficiency of farmland use in black soil areas. Optimizing the structure
of factor allocation and paying attention to pollution emission reduction were important ways to improve the ecological
efficiency of regional farmland use. [ Conclusion ] The optimization of factor allocation and pollution emission
reduction control has become the key improvement direction of black soil utilization, and it is also the key path to
improve the ecological efficiency of cultivated land utilization in black soil areas.

Keywords: ecological efficiency of cultivated land use; carbon peak and neutrality’ target; super-efficiency

SBM model; temporal and spatial pattern; black soil areas of northeast China
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Fig. 1 Overview of the study area

1.2 HRAE

1.2.1 2R E SBM A A FIEWNE™H
[ 2% SBM BEALIE By DEA A% A1 i 42 1 2k, [] B
e AR DEA Ml SBM #2#L 4 BT J&@ L 3%, 5 & 5
DEA BRUAH L A7 88008 ik 1 A 1] 5 A 32 32 45 3 il
OS5 R 22 01 %35 % 8 T AR R ™ 1 IHER 1 ok
Xof S B 7 AR S D BE T ) RE R B AR R T
SBM-Undesirable # A5 Y , 1% 155 7 58 5 4 b ff e 2

AP SR B TT (DUMD 5¢ 42 A RN JE 12 X 73 b 452 1 R 5
IFa) L L S Ay o G UL Al R DUM 80CR
W A SCiE PRI BB %03 SBM RS AL FE 3 ¢ B
DX B AT AR 25 A0 RT3 A X0 R

1 m
1——27: /xu
. mi=1
minp = T
d /.d w /ou

1+n1 +n, (.Z:l)/.\ /y"k +.‘§1yq/qu )
x,=XA+v"
d __yd d
yi=YA—y

st=1{"" (1
y§:Y14A+yIA

Yy =0,7=0,7"=0,A=>0
Ko AR R A SRR s m 0y 00 5 B R OR
BN P I AR AR R NGy Sy
A3 RN T IR P R BB D Y S ot A
Tos Vi s Ve SN TR B HHEE = AR B2 )
XYY N AR B I R R R R
FE A SRR AL 7] i
1.2.2 L BAEEEAET  HIHEFE L X PR H
BRI B IX 22 57 5 5 AL B0 15 Bl A%
5 BE 4 BT B S e AT AR I HAR T AR
X, —=x

1
f(x)fm;lK(

AN AR ICEE  h A X AW IT
B I A SRR K C» ) I RS
1.2.3 #HhMWFEHKESH  FH Global Moran's I
T O 4 B A B ik R DB Ml R AR S AR A (D
RWEME 5 2 A RRAE  THEA A 20N F

niﬁ:Wﬁ (x;—x)(x;—x)

28w, S -0
KT e Ras i) |3 AR EGn A 35T 1 41
s, Ml R RN X i, 5 YRR R A A SR
FAE s SRR 448 s W, o 25 [R)A R
1.2.4 =AM = EE B ACE % (IDW) J& %5 1]
370 (B 1 i L0 A A — B o B O ik B T b
2R — T A s () R S JRUEE L AR AR T 0 BOROE R E
TEAG FE A B AR 2 A R, 5 R T A 3 S R K 3
B4 07 ke R A 0N .

Z(X)=2A,2(X)
i=1

) (2)

I=

(3

)
A=Q/d0 /TS /)

R Z (X)) MR AE S WA HE Z (X)) a5

B SR s AAREARBCR s d, IR 36 A S FEA 5 4

Z RIS s p R i B R AR A R BOANEUE S 2.



338 S o S

%31 &

1.3 B Ri& T 5 E4E R A

B b ) 300 22 DB 2 B B b 3R AR AR B
KA 28 5% 7 1 A A 40 A 25 i R X B b
FIHE A RF LA BTG R RS R 5 18R R
He/ME L2 25 e KA BEA = 1 it 38 20 34 it
AR RS RGN IE U R A e S
HICWE R B, SoRERLE THAHA TR
G P4 A e e ) BRAECIRAS . bl AR SOFE R - KB b A
FHAESBRERER N A — AT HARFMT R
SEAT R IR AR T B B M R R G A A5 Tt b A
FREER L LIRBUS AT B8 22 1 I B 7 RS ] g g AR
IR R R IR A S U S R 4
RAEM LR WG,

4 B b 1) P A 285 2508 08 P 35 T 80U H A
K JRBLR , I A S A B g0 DU B 1T 4 £
A B4 FRL A1 K PR - DX b R R A S RO AT 46 A AR
R UEL, SHEBLETLIR.AERZFEES
T A HARMBEA SR EER, R ER
5 1 2R 7 o R AR B 7 L R 4 [ BB b ) S R
PR O R AT A S 5 3 AR A 43 5 U
Hby 35 A 57 B OB SR AR ) b B £ 7 R
PIHII F - LA R A, K 1 157 T Y5 T S 0 b 34 e HE ik e
[ VR S Bt b R T AR 300 28 7= i, SRR A b 2B 77 3 Bl R IX
SR AR S PR BT 0 BT R et . G b R g R R
IR A 24 S A Ak 27 i A AR B BR B L AR AT
R A 24 3 2R i R AR TS Y R T B M ik b AT
O B R E S 80 2 RS 55 1A G oE .
FEH B g T A AE D e A A AR AR AT L K
INFE KRR Tl HE T A 3R Ak B AR Ml B AR A
2SR TS R R b e 8 o LA B3 T 3k DA B 4%
U e HE 7R B30 AN 4R AE  West & Mar-
land ™ | 2= FSR ARG 5 IFSE

F o8 FE R B £ ZUR T 20072021 4 E A
PS8 THAF S8 )R e VTG T AF 28 ) (G AR GE TH4F 25 ) (T
TGRS DA R i &8 b T 48 AR S R e A AR
SRy B AT A% PR 2R I BT R R 25, AR SC LA 2006 4F
FEI b gl 77 (B HEAT ST AL B, 53 4 2 BB X
S 5 B0 1 O 20K A MOl A B R AR L B
S Bl 38 2k A B A A L B S E— 2D E L B
PRBIF 5 5 S % UL E Al M 5 Bl 2k g — 1

2 ER545H

2.1 P AAESHENEREETHE
2.1.1  EBAAREEHAE HRIE maxDEA #4F T HME
HZRAEE 4 X 2006—2020 4F #t 1 F) A 25 30 R 8

(B 2>, WM JZ TR A 2006—2020 45 3 4 X H i
HF AR S RORAE T 8w A JEKE AR $H D 0,921,
20062014 407 F 2 & J& Bir BE» 20142020 4 52
PRl T W ), e T R B B A R B
DA B0 5853 AH R T 2R T i v R R 5 R
IR Az 2SR AL F H O 5 5 BUE S AL AR B
PR U B L B R P AR SRR BB AE 2019 4R
15 a RIRARAK TN 0,738, % W BB B 24 + 2 K i
NIRRT A AE — 5 1 K A 1]
F1 EBLIRXHMFAESHFTMNMERER
Table 1 Evaluation index system of ecological efficiency

of cultivated land use in black soil areas

EREN kKR AR i
KA BERUIMIAR  A/bo
WERLIREH S W/ b

BASE  BARA
g AR %
WARA  WHARKEEAE b
I T
maEhEE  warl BHRRLER /i
SR SR i /hm?
81T SR -
I T S IOk /b
¥ e t/hm?

A S FR R A DX (] 22 S AR AL R B Y R AR AR
i AR S ZR B 2R A B AT B A DOBR AR A AR
RN 2 5 R I DT T e 4i /N Ja 97 5K i 18 A8 R
20062014 4F DX [ P 3] ¥4 47 B2 AN 0 4 7, 0K Ak
TV 2% 2 eI, 2014 4R 5, 2B 4 X P 45 X T AR b AR
FH A A5 3050 508 BE B W BT , 25 8] R Y5 i AR A 5
AT AR & B S, e A AR AR S5 R B0 A R A A
U S AT HE— 25 B A 2R 4 X PR b ) A SR o A i
LAEAE AR 5 2250

12 - 1 0.5
—— PR HESRER

im —— TREAK
1.0 | 4 04
& {m
2] &
4 0.8 [ 4 03 %
i1 1N
® »
2 0.6 4 0.2
#®

04 L L L L L L L L L L L L L L 01

2006
2007
2008

2 BIXHMMMAMAESHEANERTREN
Fig. 3 Average value and variation coefficient of ecological
efficiency of cultivated land use in black soil areas
2.1.2 3 EIREAFAE e MR b DX IR B
AR A5 BRI [ A% Joy AL AR . 2 T ArcGIS H 4R
W7 5L 28 o B A DRI b ) A 25 0 RS (B 4 (0,376~



%13

BT R AR TR ARG AR o DB b A A A RO I S A R 5 A i A 339

0.533],(0.533~0.740], (0.740~1.072], (1.072 ~
1.206 ], (1.206 ~1.596 MK e dal 43 S i IR 2 & 5 4> %%
GIX, 5 SR W BT BR L A SCA 2 il B 7R 2006 42011
42016 4EF 2020 S XA 4R (A 3)

HH I 3 T LA Y, 8 A X% 3kl B b ) A 2
RMOREREE, A H Y KA, 2006 4%
IR R SE B b R L BN 60,006 D |
WAL F A DL B RCR GG A X, 20062011 4F
DX R Hb R A R AR L A T AR 7 AT T
H A B R AN R P IR U S P AR AR B,
TER I Ry PR AR AR ST L A D RN AL U A b A b R
A SRR BB AT B M AR 7 5 R X R A X
DA 4 53 K 5 AR S LAk L R PR LAk XS TG FiL
FF 48 b PRy R 55 00, R 0 PR BE 3 I BE ) 48, Bl 2 B

. RER o BEREKR 1

2.1.3 s Am#AY  FET 20062020 FEB L X
B A AR I A5 R L 38 ] Matlab 3023
il = A% o B i 2k (TR 4) L 256 I 2R 4 X b R
A BBR IS R, BARRE %%
il 28 T R AE R BRI LR = I - (1) FE A EAR
3l 1,2006—2020 4 4% %5 B il 2k b0 B AR 1 4 A
B gl RUBE Je 16 K0 J5 4 /N - R L 15 4F 28 + X HF b
F A S ROR A 1 3 3 b, X5 8 4 A R T R
FBE ML DR A7 0 BE 25 UIRE OG L B8 R i ) IR, AR A dL A
AE 5 L I A R A AT — R A SR R AR AR L
Mar i B4R T m. (2) IR AREAE -,
20062020 AP A% %5 BE i 2 I oA 2 45 )™ A% 1 SR 0 il XL
AR S o RS 0 R — B e — S0 (7% Y A SR
AT LI 1) A 285 850 3 A S 3 R oK 0 W B B 1 431k
Jry A SR B I 3 AR OR DX TR 25 S OR WKL ROl & R
X A5 25 T B A P AR AN 15 i, BB R AT RS R A2
B, (3) fEEREREAS |-, 2006—2020 4F 4% %5 Ji i 2%
0 R TG 1] QU 7 ) Aok I 0 R AR A R BE N H
g DA ) 52 Y0 2y AT AR B X R AT AR Az MR A R B

| PEREK
B3 BIXZHHBAAESHES BT

Fig. 3 Distribution characteristics of ecological efficiency of cultivated land use in cities of black soil areas
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Fig. 5 Spatial agglomeration characteristics of ecological efficiency of cultivated land use in black soil areas
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DX B b A AR 25 TERCR I SR R 2 27 T 95 3h 1 AR IE AR
YRGB RB A TUAAN IR TS Y B HE R AR 2 7 o
AL HIFHE ADHE R 3, BASkE, LWL 5
A RO A TCA KT A XA 1 95 20 g AR e 45
P BE AL L 45 0 S BOW B 7 WO 2 R e HE i

S, BF R AR A AL T I PR AR . L 2020 4 R 4], B
Hu )RR AR SRR R 55 3 7 AR AL L AT 24 R I 4
ANITLATRAY 5 82.00% .3.52%,49.82,10.87 % , 1fii
FE T AR 7= A AT 1,62 % F1 3.30 % B 3 1 25
(i) b, 35 TR 905755 4% ARt I T30 3 82 43 0 i 25 2080 2% i 9 T
34.03% 1 93.60 %6 . Hi AT UL, A b 22 3R T A0 ik HE
P 1] 02 5t A B - DB b R A 2 sk R A A 32
SHEE L ERRAREEM LT R T WAHERE
A TN IR 15 G i 3y R AR S ek U ) 2
$48 5 B bt 1) ) A 2 AR I S B T A

®3 BIRHMAAESHERANTHRBE

Table 3 Input and output relaxation degree of ecological efficiency of cultivated land use in black soil areas

P BATIRER/Y W= R R R /% JE B = ITUA R/ %
558 1 LK e 24 THE Ll = 1E WE ™ & R (TR RCE O Lz /4
2006 8.31 12.56 33.46 7.43 5.69 0.21 0.00 23.42 63.14
2007 25.71 20.08 51.52 7.73 9.94 1.71 0.05 9.49 19.56
2008 25.18 1.28 51.34 9.46 6.32 6.24 5.03 19.55 52.06
2009 12.29 1.95 43.51 7.28 7.45 6.56 5.39 40.42 82.18
2010 13.21 6.87 27.26 10.64 8.23 0.00 0.00 34.06 104.85
2011 8.00 6.51 19.67 10.45 9.00 1.22 0.00 59.59 124.19
2012 12.01 9.35 20.18 12.24 7.81 1.15 0.43 69.26 145.24
2013 14.24 1.68 11.37 2.20 11.43 5.06 3.80 26.05 76.39
2014 10.39 1.82 6.68 2.83 14.90 8.54 7.73 20.78 82.00
2015 3.00 1.74 3.99 4.40 13.90 10.82 10.19 36.30 107.95
2016 2.06 4.46 4.26 5.06 11.32 19.91 33.48 22.20 71.84
2017 11.73 6.76 9.04 13.65 11.46 8.73 8.47 12.40 34.57
2018 36.45 2.84 37.65 20.34 0.00 10.05 9.65 25.68 81.22
2019 103.79 2.37 60.31 27.37 0.00 3.31 4.00 62.33 157.61
2020 82.00 3.52 49.82 10.87 0.00 1.62 3.30 34.03 93.60
YI{H 24.56 4.80 28.67 10.13 7.83 5.68 6.10 33.04 86.43
20062020 FEREKATBRAAESHCEN 1 s oy
PRSI 122 4 7% , p T F 5 00 0 XU 1Ly I WTE
DT M S IR M R A AR R A AR 30 & #

0 TR 8 7 Nl s | o S B R A SO VNV
A Il 5 TR TS G AP BRI R R T K e 56
FR R X R4 47 o r SRR S R DX T ) B DR O] R
T, 5 Bl X AP R R R 22, NBRA MR . R
A DXAS T B A AE AN [ R BE A e i B AL 55 3 g AR AE
M TR LG IU N 35 L U A, 55 55 I AR AR JEUAR L B
R 2 155 LA 7 H A AR L L R Ak Y TR T A R
BT 2000 AN B AEAS 6] . ™ A R BR
X PG Hh 2% 3t DI EE 7™ 1 O A A3 0 AR T AT O ) 2R
A28 I I AR i A 3t M) A 2583 O A ) 3
P ARSI B ™ M 4 b R AE T I TO AR TR) R L 5% 5% i
IR EEAR S 3 AR A D B A BRI S5 i T DS e T
RIS 1020, R W e HE R 3 A L X
KRG AR B 7 i B e BEL A% 45 17 B 3 ) A 25 5
RPETH B H EOR I

AR SCHEEF R B As T 2B 4 R A AR AL
A I SE R R 2 AR B R R AL % SBM
BRI BE 2006—2020 4F & 4= X HF b A AR S 800K
o IR A% R B S M ) T A R AR S 0 1) AT 4
Mr. M FEELRWT .

(1) B[] 8 AR R AE SR A P B ) A 2
ROR KB & W3 FTF(2006—2014 48) B 2 F B
(20142019 4F) Fd £ 7] Ff (20192020 4F) 3 4By
5, A TR R R KT R XA kT AR 2
SR L RORE X R AE TACER I IR, 0K
APRAEL DX 3 0 PG 1) 3 A [ R R liE L R RS . X
3 PR EICR T 3 309 RD AR U0 X1 7 A 43 Ak B 4 4 o B
i R R AT, (2) MES [a] AR RRAE R A
F8 T DXOBE b R AR 28 003 5 ) 0 AT Y 4 Jmy A O e 1
FEABI &, 20062020 4F & 4 DX b A H A S 0%
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Table 4 Input and output relaxation degree of ecological efficiency of cultivated land use in cities of black soil areas

. BATURFE/ % S e Y W= R ITURFE/ %

58 7] BB e 24 THE R Alk 7= {8 B i TH] 5T G T HE ik
B IR T 23.31 3.77 30.88 2.71 4.61 0.42 0.30 3.26 5.91
35 35 W IR 51.58 29.00 70.51 8.63 0.00 0.70 0.00 10.23 9.60
by 1.22 0.00 6.41 0.00 40.37 38.38 36.18 0.76 0.00
KR 3.50 2.76 83.52 4.29 0.00 5.23 2.45 5.96 7.41
fEA B 19.16 3.63 67.43 12.88 0.00 0.00 0.00 13.39 11.59
£ & 25.74 2.99 1.97 3.95 0.08 21.67 17.92 3.91 9.78
27314 11.99 0.00 13.50 0.31 0.00 19.41 17.30 0.50 0.57
K& 40.07 3.06 6.76 20.46 0.00 0.00 0.00 9.61 28.41
K 31.65 5.71 27.17 15.71 0.00 0.00 0.00 12.13 34.82
LR 9.20 6.03 0.00 13.36 0.00 6.57 2.37 6.13 30.17
P T 56.13 49.00 86.44 16.60 0.00 0.00 0.00 29.03 176.95
o FH 19.51 0.00 23.77 7.76 14.60 0.00 0.00 7.95 50.81
il 78.50 0.30 37.04 33.68 4.55 0.00 28.32 28.85 167.72
il FH 16.99 9.02 40.51 9.93 12.40 0.00 0.00 8.23 69.98
B8 50.97 3.43 25.35 26.07 2.13 0.00 0.00 13.45 56.47
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AR KIS e B IE 1 B R AL e g uR R AR A
A P2 B R TR AT e 0 P AR A b 28 0 Bl ol 1
oAb, (3) # X BT A48 H A R L 1 o A 4
RO LA, Mz P W, 56 X 5 Jm 3
83, AU S 0TI AR S AR AN A2 DX ] A A 4
Py 5 A HCL o BN HE A 43 DXORS o it 5 BB A 3 3 1
AE Bl T Al R 7R Y DX HE AT X 11 7l 1 4k, 42 i X
SRR QT I (RN S N
3.2 it i

ARIBEXEREEEHRE B XAAESD

AE DX, [ AR B e A M X A 25 22 iy 1 B2 5T
Bk o AR SCEE A XU A0 A % R DR R A 2k
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F A SRR 23 A M Jm 5 A 3, O it — 2 o
T RCREETE A AR L Ay 8 AT 45 S T R X
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HLH P00 K6 58 5 T WF 58 4598 Bkl Btk k8 5 sk I I
ROR 49 x Bk M M) P A 25 00R A A R W) ARl AR
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