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Abstract:  Objective  Black soil of Northeast China suffered serious degradation due to intensive farming in the past decades.
To protect Black soil, conservation tillage is encouraged to be applied in this region. However, some studies have reported that
this practice may reduce crop yield. Thus, our objective is to evaluate the suitability of conservation tillage and deep tillage in
Black soil of Northeast China.  Method We collected 543 yield comparisons from 61 papers published in international and
domestic journals. After synthesis and grouping of required data, we analyzed the impacts of conservation tillage and deep tillage
on crop yield and their influencing factors using meta-analysis as well as random-forest methods. ~ Result  Overall, crop yields
were slightly increased under conservation tillage (+1.21%), but significantly enhanced under deep tillage (+12.3%) as compared
with traditional rotary tillage. Conservation tillage caused a higher yield only at Liao River Plain (14.6%), whereas deep tillage
increased yield by 10% across three plains including Sanjiang, Songnen and Liao River. Under conservation tillage, the yield
effect size was most influenced by the mean annual temperature (20% contribution), mean accumulated temperature >10 °C (19%
contribution) and aridity index (16% contribution). For deep tillage, the most important factor was the topographic slope (14%
contribution). Also, conservation tillage increased soil organic C mainly in the top layer and when combined with straw mulching
reduced soil temperature remarkably and increased soil moisture. This observation was the main reason for yield reduction under
this practice. Deep tillage reduced soil bulk density and penetration resistance significantly, leading to an increase in crop yield.
After synthesizing the yield effect size and factor contribution, our results indicated that wind erosion sensitive regions such as
western Liaoning and Jilin provinces as well as eastern Inner Mongolia are highly suitable for conservation tillage. On the other
hand, the cold, humid, low-lying areas are more suitable for deep tillage, e.g., Sanjiang Plain and the typical Black soil belt.

Conclusion  This study evaluated the suitability of tillage practices in the Black soil of Northeast China based on the effect size
of tillage on crop yield. The synthesized results suggest that conservation tillage is more suitable for dry and wind erosion
sensitive regions or slopping lands where it can increase crop yield and protect soils as well.

Key words: Black soils; Conservation tillage; Deep tillage; Meta-analysis; Random-forest; Crop yield
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1.1 HiERIESiFE
AT it ISI Web of Science. Springer .

Science Direct, Google Scholar, 1 EZHIR] | i3l
T3 07 A v g SCBCHE PR Ay i O DR A T B AE
( conservation tillage ). Z>#F (reduce tillage ). TR#k
(no tillage ). FiFFiLH (straw return ). F5FFA 5%
( straw mulching )” ¢ “IR#F (deep tillage ). TR
(' subsoiling ). & (deep ploughing ). HiE (deep
mixing )" A1 “FFEZ It ( north / northeast China ),
M.+ ( Black soil / Mollisols )” 4§ G4, #2 T#k
22021 4 11 H 11 HATH EARIE R A ORI %
BHESRBH T R R rh ok, JERT ST vE .
FEEARHEUT T . 1) B X P E AR X, A
ARy AU NN TS Bt < D) & SN BTN = X (g1
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YEALBRAMAY H R) S BE — 30 4 ) 300 A A AR 17 I
HRTEA . DTk

i) Endnote M A THIBRIAIGETH] . Huei . 1E
P2 AR 45 SRA A [ 9 SCk, R BE A [ 59
b AN [R] R A BRSO o XA 5 A v 1) SRR £ B
45 507 E (experimental location ), 4FE#S i ( mean
annual temperature, Temp ). 4F- ][ Wi £ ( mean annual
precipitation , Precip ). 4F H 4 2 HilE ( mean
accumulated temperature, > 10°C, Accum-temp ).
RIEAEBR ( Duration ), fE¥ZEAY (crop type ). #I4R
T HEA LK (initial SOC ), %% (initial bulk density:
BD). &R A (initial TN, TP, TK). #HHA
W49 (initial available N, P, K ), +33 5 Hi( soil sand .
silt, clay content) Flfb2=JEK}HiEH & (amount of
fertilizer input for N, P,Os. K,0) ¥ E{5H (%
PEAE 1), ARIBHE T R soil tillage ) FEFFIA H( straw
remove, return, mulching. incorporation ) ZFAbFR{5E
B, USRI EY) = i (crop yield ), 1
TEVER (445 1348 5 soil bulk density. ZFHH )
penetration resistance . 7Lk SOC. 7K43 moisture
IR temperature ) B9 F-¥{E ( average ), FrifE2
( standard deviation, SD )F1i 4 B 5 X $( replication
times, N) SF%f CHEAE 2). ASCHEE 1 M2 &
BURETUTZEZ R (£ 1),

http://pedologica.issas.ac.cn



938 E I 59 &
F1 A Meta SIS E LB EIER
Table 1 Basic information of articles included in our meta-analysis
Xk fE B RPEEHET RO EEXE L Ry o O/ S AN A DX JE
Study  Crops n Average effect size of CT 95%ClI Study  Crops n  Average effect size of DT 95%Cl1
[37] m 8 0.12 (0.08~0.16) | [108] m 2 0.08 (0.03~0.14)
[83] m 2 0.06 (0.05~0.07) [84] m 12 -0.01 (-0.05~0.03)
[26] sm 20 —-0.03 (-0.09~0.04) [40] sm 3 -0.01 (-0.03~0.00)
[24] sm 16 -0.05 (-0.13~0.03) | [109] m 12 0.13 (0.09~0.16)
[84] m 4 ~0.27 (-0.41~-0.13) | [27] m 4 0.09 (0.03~0.14)
[40] sm 27 -0.01 (-0.04~0.03) | [28] m 13 0.15 (0.10~0.20)
[39] m 24 0.07 (0.04~0.10) | [42] m 6 ~0.12 (-0.21~-0.03)
[42] m 8 0.16 (0.09~0.24) [86] m 2 0.01 (-0.09~0.11)
[85] m 2 -0.11 (-0.18~-0.05) | [87] m 6 0.05 (0.01~0.09)
[86] m 6 -0.04 (-0.09~0.01) | [110] m 4 0.14 (0.09~0.19)
[87] m 6 0.02 (-0.03~0.08) | [111] m 6 0.1 (0.04~0.16)
[88] m 2 0.01 (-0.06~0.09) [88] m 4 0.1 (0.04~0.17)
[89] m 1 0.16 (0.14~0.17) [89] m 1 0.29 (0.26~0.31)
[90] m 8 0.03 (0.00~0.06) [112] m 2 0.06 (-0.02~0.13)
[91] m 8 -0.21 (-0.31~-0.10) | [41] m 6 -0.08 (-0.17~0.00)
[92] m 1 0.02 (-0.18~0.23) | [113] m 4 0.43 (0.39~0.48)
[93] sm 24 -0.07 (-0.13~-0.01) | [91] m 16 0.01 (-0.08~0.10)
[94] m 2 -0.07 (-0.11~-0.02) | [114] m 18 0.16 (0.13~0.19)
[95] m 4 0.16 (0.08~0.24) [92] m 3 —-0.02 (-0.14~0.10)
[96] sm 3 0.1 (0.01~0.19) [115] m 8 0.05 (0.03~0.07)
[97] m 3 0.07 (0.05~0.10) [93] sm 96 0.17 (0.14~0.20)
[98] m 4 -0.14 (-0.20~-0.07) | [116] s 20 0.18 (0.14~0.23)
[99] m 4 0.32 (0.27~0.38) [117] sm 7 0.08 (0.03~0.13)
[100] m 2 0.05 (0.03~0.07) [94] m 1 0.05 (0.00~0.10)
[101] m 2 -0.08 (-0.20~0.04) [118] m 18 0.03 (0.02~0.04)
[102] m 1 0.15 (0.12~0.17) | [119] m 2 0.05 (-0.05~0.15)
[103] m 3 0.08 (0.04~0.11) | [120] m 3 0 (-0.09~0.09)
[104] m 2 0.05 (0.02~0.08) | [121] s 2 0.15 (0.10~0.19)
[105] m 4 0.08 (0.03~0.12) [95] m 4 0.1 (0.05~0.15)
[106] m 2 0.11 0.07~0.15) | [97] s 4 0.2 (0.17~0.23)
[107] m 1 0.06 (0.03~0.09) [122] sm 4 0.11 (0.10~0.13)
Total 204 0.01 (-0.01~0.03) | [123] m 3 0.09 (0.08~0.11)
[124] m 12 0.11 (0.03~0.18)
[125] m 8 0.08 (0.04~0.12)
[100] m 4 0.08 (0.06~0.10)
[126] sm 8 0.09 (0.07~0.11)
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gk
xEk ER Bow RIPEERHE T REONE A DX [H] BN (/B %51+ BAE 8008 AR X [H]
Study Crops  n  Average effect size of CT 95%CI Study ~Crops  n  Average effect size of DT 95%ClI
[127] m 3 0.02 (-0.11~0.16)
[102] m 3 0.14 (0.09~0.20)
[128] m 3 027 (0.17~0.38)
[104] m 2 0.04 (0.02~0.07)
Total 339 0.11 (0.10~0.13)
1. CT: conservation tillage f#JPE#FE; DT: deep tillage K#F; m: maize EK; s: soybean K&
BEA, R T AR AL MO SR X
5 BAURRE CROBSE 3), BRI LK S 1“R:1“Exi]1“Xt‘1“Xc ‘0

S-S IR B HE ( mean annual temperature, 2006—
2015 ), Z -2 [ R 4045 ( mean annual precipitation,
2005—2015 ), Z 4B A AR ( mean annual
accumulated temperature > 10°C, 2006—2015 ), ZAF
SRR AL (aridity, 1990 4FELISK ), ZARFIE
MTER (humid-index, 1990 4ELIK ). 3077 sk
FE R ( digital elevation model, DEM ), 3 % ( slope ).
+ 375 (soil bulk density, BD ), A ML ( soil
organic carbon, SOC ), 1144 ( soil total nitrogen ).
+ 3k & (soil clay content ) Fll+ 3% pH 254045 .
Horpr, SR BERN . TR ECRNR I FE SRR IR H b
IR} 2 e b AR 27 5 BRI 5 BT B IR A B R 22 5 8
0> (Resource and Environment Science and Data
center: https: //'www.resdc.cn/Default.aspx ) ), %
R R R T s A S B RS e 1 O T
( Geospatial Date Cloud: http: //www.gscloud.cn/search );
THESE . AWK, 2. FREE. B pH DK
ZRAC R A X b2 8] 3 A B8 i b R B Rt 1
HERF ST A $24E (http: //doi.org/10.11666/00073.verl.
db ) B DL B R B SO AR, I R
4.1.1 ¥ Raster rRECELEITEARAL I, FIHT Arcgis
10.7 B AFHEAT I
1.2 Meta 947

Meta 73 #7 XFRICHAT . 252380 Hr a3 & 4017
E—REer 55t kM EwdA g s, HiE
A EEROVAE (F8h5 ) FFHET AU & LRSS I3 9
AL R R R e 4 9 (B ) 199401, A&
WFFEEH R 3.6.3 411 Metafor BB #E1T Meta 43
B, BEEERON L) H AR B RONE (InR ), A
Nl

o, In R RN E ( Effect size ); X, M Ab i 2H 54
B YA, AAE R MR E BRI B VR - i
febr A TR AR bR (RIS E . AR .
BHHUR . KA. R ); X, R R 1) F 3491,
AL SR I VR 7™ B H8 b A e A v T
fEbr (B4R 2 ). SR FE AL A A ALY 2800
# (InRR), THEAN:

InRR=-ZL4L (2)

A, In RR AFEIBONAE ( Average effect size ); i
H1j 43 ) Ry S 2 R BEAL X R S (i=1. 2,
3o..m=IRIH LS, j=1. 2. 3. k=X HRALEE);
Ry A BEHLAON AR5 i 2 BE X560 i s e Lt s wy
R BN BN 5 i 2 FC RIS AR, AL W,
HEAKXWT .

(3)
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Kb, vV RROVAE ) 2% ( Variance ); S, Fl S 4341
RS EG A M BT AREZE (Standard deviation );
1 one Gr ) Sk S 2 R RE Y 3k 5 R IROB
( Replicates ).

AT 3208 B 1 In RR FY 95% 817 X [ 95%
95%CI) HHEAFXUTF

confidence interval,
95%CI = InRR=*1.96S (4)

A T BN A, ASCH AR RS FE AR AL
SR AE ( Average effect size ) BYZZALH 43 kb
( percent change ), T8/

Percentage change (%) = (e ~1) x100% (5)

1.3 FEHLZRM S

BEHLAR AR ( Random-forest ) J&—FhJL THL 25 2#
SRR B, AT TN AEL M LS5
G R AE, MR AR EAER, 2
ViR A Z IR R 4R S R B R S, HAS
PLA PG, %A G i 2 R A SRR R
SRR ZH TR R AR L A2 v AR S AR B [ U A )
g, WHRERAEY T A AR, 2N %
P4 o3 FE AL 56 e AR T A i R R D i
BEEE B — A FEA T4 ( a bootstrap sample )4 AY .
B R AR S WT -

S={(X,.%).,=12,...,N} (6)

Hrr X B — M 4EREma, Y& HbRm &,

MIFIREARSE S v, i A B (bootstrap )
HRAE R ARA ik 171 7 5 52 Bl LA R 2 A A R
FERTHE Sck=1, 2, ..., fyee)s FP ngee WU
WA ECE:, B bootstrap FEAT EAMEEAI L, T
RS HIFEAR S R4 S AR, TR Aot R rh
SR IR B Th 2 3T%IIREA R, FROVAEIMEL
P& (out of bag, OOB ),

IRIG , WA AR TP LIRS myy 1 (myy <
M) FHIEAE, EE AR IAEN], 3 B PAT A o
RO HUERAE, RBNEIL TR, &k, Ak
RBERY AR 2 (x ). FrABANRIER {h; (x), i=1,
2, oo, Nyee) BB RF WIIUALRLANT

Moo

Zh(x) (7)

Nyree i=1

RF(x)=

AN, FIHLESN R OOB #E47 RFE BRI 250
AR RS . o, WGR2ZE TR
OOB__Z(

OOB) (8)

LRI EHE OOB (11
BrME, y2%% N

AP, MSEqop A FlINELA RF 4
JiiR2%; v 9 OOB Hicha v [H A5 15
OOB %4l HN{E

A MR R B BV Uy 2
H4hn{E (Increase in Mean Square Error, IncMSE )
HEATVRAL , OAE THRMR, 2B 455 TN A8 i IncMSE
THAAS 2] 45 AR AR X EE 2% (Relative importance,
RI) A4, AT

RI=MSE o ()

D IncMSE,
i=1

AW ARG R 5 R T ) 7 R ]
REEM T RURR XA . I e - A5 5
M) T AN [R5 it 15 7 T RF #5530 44 2 20
D) D mis s fE R (Bdisk 1) AR, U
ANFEFHET X TAEY = E In R (0 Meta
G0 ) RN AR bR, AR M S AT A RF
( Mee=1 000, myy=4 ), BUBL AU BE V2798l IncMSE
AR (9 ) T35 2% 1 A 0 e S0 I DL B [ o
2) M4l RF1 B w2, 456500 A 8,

175 32 5% AR 5 M) A R 14 72 B, WD ISR S 43 5 7 e I T

P VI NP W €k ﬁ%?ﬁ{mﬁi‘cﬁ”? e B B RG
o 3) ARIELER 2 kR, A HIRE 1wk
YRR, ﬁ@ﬂf%?ﬁav MR RF2, 4) MK
TRECEAE 1 TP REHLIERE 70% M AEAHET T B, 1) H

Tl 30% K 4 S0 {E AR 7Y f) T 00 1 15371
76 %} 1% 2% ( mean absolute error, MAE ), #¥JJ57Ri%
22 (root mean squared error, RMSE ) FlAHIE &%
( correlation coefficient, R ) #EATEIRIPEA, H MAE .,
RMSE 8/, R 2T 1, B FIEORS fE, P45
WIFR 2. 5) UUZRICEE £ 35 . HO® Je S + 3%
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fFE CEIESE 3) M LG, FIHEA RF2 Fiil
AR SO R 7 X AR 7 v, AR T
A5 A/ INI A FEVE T B X8, AR5 R AT R
4.1.1 3k {F Party PREUELE1T Random-forest A5 U4 5%
a8, JFmdb bR g o A R T A F B
IO ENL = 6 55 5 HAR

2 RS0

2.1 ELHRPEFESRHHED 2R
ARG ITISER 543 41808 B, MR b
PRAPPEREE 5 U H ) 52596 32 2248 h oA T =1L
FABRIL IR &L 1) A3 43 A [ 28 BH ™= a1
FFEIER A, s K ek e A NCEE AR ).
SRS, ARICE L AR ERER R L, T
ARG W% . SEEMEMLL, RILELX R
PERHE T BRI 1.21% (95%CL: —1.0%, 3.4% ),
KEHE 3.25% (-0.07%, 6.6% ); HHF T ERFK
043 5] A R 12.3% ( 10.3%, 14.3% ) Al 14.5%
(11.8%, 17.2%) (% 1), #E—0XKIBonHr, 455
SR, E VT AN EORNAL S JE AR B 43 ) 5
G BER ™ 2.6%(—2.3%, 7.6% ). 0.07%( —1.96%,
2.1% ) 1 14.6% (12.3%, 17.1%), HiA&JL 2w &
RS TTRPE B AL AR ™ 13.4(10.2%,
16.7% ). 14.3% (12.1%, 16.4% ) il 7.48 (5.1%,
9.8% )o MAEMIIG ™ By A BESK R, AAICT I A =TT
D S FC R, L TR D 5 R R AP A
22 ELHMRPUEBESRHTIEM=EMNTIT
E %
2.2.1 MR A E 2 HR A Bifi AL AR AAASE 78
RF1 737, U BE R HAH G PR 3R 52 ) ZR b -
PRy PERHE - B i EE R (B 2a), W,
FUR . T HRAE 8T 9% 00 55 R R 3L [R5 ) IR VR 4 7
i (A 2b), RYHEHHET, ZETFHRIR. 24
SERARBUR (> 10°C) MIZARF3 TR de 5 R %
PEGIBURT =, BIFoTmkdi b 55%. WHF T, 3.
AR ZAET A ORR AN T R R RO o B M
T 40%. Ak, W1hs -5 HLAR R R
PR E RS U E R E ., R ERAEY G
THEFRS (A 2, HAE ) MEATS (B
JE . BRAE ) XFRBE T Y AR A W] 20

222 PRIPEBHE SEEBE T EY 7 8 1 s e R R

1) A AR S AUV E A R (&l 3a)
W, RACE L XEPENE T EY - 2R E S
BRIRA TR BRI (P<0.001), FEHRIRIE
) 3CH SEEPHERN R A, HERE. #f—
AT R AR ERRE T - R B A G
TR (B 4a), BATRE 7.1% (95%CI: —9.1%,
—5.1% ). FEiFFE S R 7.4% (-9.9%, —4.9% ). %
B TR 5.8% (-7.5%, —4.1% ), KAk, 252
5 R 222 R R PR R AL, I R] 2% 5 R AR
197 b B R A, U ORI R B S A R A
WIRZ H OB E MY K SR HERHEA
], R T B i N BURR ([] 3a, Bl 4a).

AR R I A P AN () R (B 3b) iR,
TP BV 5 RBE N VR ™ fik BE AT 24 5 W H 185 o 2
PUAR R AR R, T el a3, a3 el 5 ke
ERCHE B WPk i (P < 0.05), H3ES K00
FW (K 4b), R VERHESRBET LS KEY
BRI, BALGERHES I 5.1% (4%, 6.2%)
14.6% (2.7%, 6.6% ), HARYPEREVERSFF 8 2551
fRE AR (+8%, 95%CI: 6.6%~9.9% ). Ak, Stk
GEHHEAH L, TRBF 2R AR )2 R K,
PRAF PR i v 1 0 I - 1 5 K

‘f""'_',m“r"“l.

e
Changes of

#if DEM crop yield

™ High:2677
' il 0%
B ow:-277

(3 W vk R S TR E S (RS RVS DU (/i 4i A

Fig. 1 Effects of conservation tillage ( CT ) and deep tillage ( DT )
on crop yield in the Black soil of Northeast China
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Fig. 2 Relative importance of different influencing factors on crop yield under conservation tillage or deep tillage in the Black soil of Northeast
China (%)
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Fig. 3 Relationship between effect size and influencing factors on crop yield
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Fig. 4 Responses of soil properties to conservation tillage or deep tillage in the Black soil of Northeast China
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Table 2 The accuracy analysis based on random-forest model for the effect size of crop yield
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Percentage of Percentage of Relationship between
Models MAE RMSE R
training dataset/%  validation data/%  estimated and measured data
RF2-CT 70 30 y=1.19x-0.0014 0.086 0.115 0.60
RF2-DT 70 30 y=1.30x-0.033 0.083 0.112 0.57

E: RF2-CT AU PESE ™ i BNEIAY, FR2-DT AR REHER, p fORBNME, x ARIME Note: FR2-CT:

means the prediction model of conventional tillage, RF2-DT: means the prediction model of deep tillage, y means the estimated values, x

means the measured values
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Fig. 5 Map of optimal yield under conservation tillage or deep tillage in the Black soil of Northeast China
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