74—84 ok % B 34E 10
2025 4F 10 H ACTA PRATACULTURAE SINICA Vol. 34,No. 10

DOI:10. 11686/cyxb2024453 http : //cyxb. magtech. com. cn
BSCAE, B, FEIMR, A LB R OG5 A6 B A SN IR £ 5 0 7 R R B L RO 2A4R, 2025, 34(10) : 74— 84,

ZHAO Wen-jun, LIANG Ting, WANG Jian-song, et al. Planting and incorporation of smooth vetch together with reduced nitrogen fertilizer application
enhances tobacco yield and soil quality. Acta Prataculturae Sinica, 2025, 34(10): 74—84.

MEMETHEEEESRERRRESERTE
MEIERE

BCENT BT Ea R, g R, EFER L A ER LCAZRLUER,
A LAWK, AL AR, T, F TR

(1. B MR A R TE A A, =z f BI1E 65310052, 25 A Tl A7 FR 53T 28\l JER Gy, 20 ELBT 6500005 3. o [ Al k27 e Al 9% 6 5 4l
X RIBIFGEHT , A5 T 522 1 SR s 2R 4 1 o 5 5200 %, b 5t 10008154, 2/ AR lk KZF MR 724 B8, 8 B WA 6500003 5. = HE & Ak Bl 2 B
AN A BT IR0, = B2 6500003 6. 2 Al K2 W R 5 388 22 e, 0 A I 230036)

T 0T 2 R A X gt I I U B 100 00, LA A o A A 7 1 T N B B S B A R R AR . BE T
2017 4E TR 09 B DS, T 2022 4R BIFSY 1 Bl HE AN [) 2 Dt I 58 AE 3 E 5 B0 1506 S 30 %6 Xof 45 A 7 5t 1 - I8 Joit 3t 114
S, R H A TR — I I (F ) L 22500~30000 kg-hm ™2 M 28 46 25 B s R 0 4 986 W R AUIE 1590
309, K5 AR = AR TE T 4.85%~9. 94 % (P<C0.05) . B FEE I S TR 3 L & Wit ZUIE 808 T R 33 Motk Hoh o6
5 46 3 B K 30000 kg~ hm ™ it A 9 0 30 %6 Ab BH + e A BT A0 AT 7 PR LA R L AR L F o AL B4 4R & T
28.2% F1242. 6% (P<<0.05), Y4435 B 22500 A1 30000 kg-hm *Fit & U8 & 30 % Ak F 4 398 i 548 KO L F
Sy R T 49. 1% A 72. 9% (P<C0.05) o ASIAlE 2K T, A= 5 0 Bl HE G K Ak 1 05 1 B 25 St S 7R A 4 g
MTHGTN o A fe /N — 3 #6642 43 7 (PLS-PM) FIBE AL AR AR 3 BT 2R W1, 65 ™ et 32 2 52 - 300 BIL T S g I v s i, (K]
I, e B 2 N S5 - PTG it SN B 405 B 1o M A0 7 dak R R A, He o B OB 52 4 % 22500~30000 kg hm il i
AUIE 30%0 sk 2 .

SR I A 5 SR 5 UIE G 5 7 5 BT B 5 - T

Planting and incorporation of smooth vetch together with reduced nitrogen
fertilizer application enhances tobacco yield and soil quality

ZHAO Wen-jun"*", LIANG Ting”", WANG Jian-song', LIU Kui', FENG Yu‘, WANG Zheng-xu', XU Zi-he',
ZHU Yun-cong', SUN Meng-meng', LI Xiang-wei', FU Li-bo’, YIN Mei’, ZHOU Guo-peng’, CHEN Hua",
CAO Wei-dong”

1. Hongta Tobacco (Group) Co. , Ltd, Yuxi 653100, China; 2. Raw Material Center of China Tobacco Yunnan Industrial Co. ,
Ltd, Kunming 650000, China; 3. State Key Laboratory of Efficient Utilization of Arid and Semi-arid Arable Land in Northern
China, Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, China;
4. College of Plant Protection, Yunnan Agricultural University, Kunming 650000, China; 5. Institute of Agricultural Environment
and Resources, Yunnan Academy of Agricultural Sciences, Kunming 650000, China; 6. College of Resources and Environment,

Anhui Agricultural University, Hefei 230036, China

s fie H 392 2024-11-19; 2 8] H 41 : 2024-12-16

LG H - £ B 2 AR T E (o 8 VA AR AL DXPI T I A 5 e e R R R IR R P ST, 2022 Y LO2) A R T 77l B AR M R T H (CARS-22)
e,

PEHFIA B A (1984—) B, Z /B TN RAR 2 Wi+ . E-mail: zhaowenjun19840207@163. com; B8 (1995—) , %, Mg ¥ FH AL i+,
E-mail: 15736873151@163. com, ** L[] 25—/ # These authors contributed equally to this work.
* il {5 /E# Corresponding author. E-mail: chenhual9792003@126. com ; caoweidong@caas. cn



34 B 10 Bl 2R 3] 2025 4 75

Abstract: The overall aim of our research was to provide a theoretical basis and technical approach to reduce fertilizer
use and improve fertilizer use efficiency during tobacco production in Yunnan. To this end, we conducted an
experiment in which different amounts of smooth vetch (Vicia villosa) were incorporated together with reduced
application rates of nitrogen fertilizer to tobacco (Nicotiana tabacum) , and the yield and soil quality were evaluated.
The field experiment commenced in 2017, and the impacts of planting and incorporating varying amounts of smooth
vetch together with 30% and 15% reductions in the nitrogen fertilizer application rate on tobacco yield and soil quality
were evaluated in 2022. Compared with the conventional fertilization practice of fallow-tobacco (control-F,) ,
incorporating 22500 to 30000 kg-ha ' green manure with a 15% and 30% reduction in the nitrogen fertilizer
application rate significantly increased tobacco yield by 4.85% —9.94% (P<C0.05). The incorporation of smooth
vetch with reduced nitrogen fertilizer application also improved soil nutrient properties. Specifically, the treatment
with 30000 kg-ha ' green manure incorporation and a 30% reduction in the nitrogen fertilizer rate resulted in the
highest soil organic matter and soluble organic nitrogen contents, which were increased by 28.2% and 242.6%,
respectively, compared with those in the control (P<C0.05). Incorporation of smooth vetch at rates of 22500 and
30000 kg+ha ', in conjunction with a 30% reduction in the nitrogen application rate, increased the soil quality index
by 49.1% and 72.9%, respectively, compared with that in the control (P<C0.05). Under different nitrogen
application levels, the activities of hydrolytic enzymes associated with soil carbon, nitrogen, and phosphorus
increased with increasing amounts of incorporated green manure. Partial least squares path modeling and random
forest analyses indicated that tobacco yield was primarily influenced by the soil organic matter content and enzyme
activity. Therefore, planting and incorporating green manure with the linked reduction of nitrogen fertilizer enhanced
both tobacco yield and soil quality, with outstanding effects observed at 22500 to 30000 kg-ha ' of smooth vetch
incorporation with a 30% reduction in nitrogen fertilizer.
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Table 1 Soil basic physical and chemical properties

pH A HLBT o T A A R R
Soil organic matter Total nitrogen Alkaline hydrolysable Available phosphorus Available potassium
(g-kg™H) (g-kg™ nitrogen (mg-kg™ ") (mg-kg™ ") (mg-kg ")
7.10 22.1 0.90 76.1 145.0 30.7
1.2 XBAH

PR LR T FE MRk B 24 b R S R, 200l 2 O v SR AR R K326, G SR AEH I N P UK & i3 iy 33.8 g+
kg '.2.5¢g-kg 'f122.4g-kg ‘o
1.3 KRt

PRS- 2017 4F 10 A Rk ax AE Ot 54675 368 10 Kb B] 59531 O 2 TR A Tl S80AE (CKO (& TR+ 1L
Jite FHEE (F ) L7096 B 4288 7500 kg-hm *(F,,G, ) .70 % ZME + 28 AE 15000 kg+-hm *(F,G, ) .70 % &M+ &k
AE 22500 kg-hm *(F,,G, ;) .70% &AL + £ A 30000 kg-hm *(F,,G.,) .85% & AL + £ AL 7500 kg-hm *(F.Gy5)
85% FUI -+ G IE 15000 kg+hm *(FiG,o) 85% EUIE + 4 22500 kg+hm *(FyuG, ) Fl1 85% UM -+ 4% 30000 kg-
hm “(FeG o) o HoP# BRI & 0 120 kg-hm *, F,o Fl Fo 2001 0 5 HLEUIE A4 70 %0 185 %6 , i 4 A jh AL £2: 43 531 A
90 kg+hm *(P,0,) #1405 kg+hm *(K,O) . MHE AT 20 d JZ 7 f RS, HE A RSB AL AKX 21
m”, BN 3R E S BEMLIX ZHHES , () 457 30y XA > b A > 15
1.4 HHRELNE

T 2022 4F M R BBV L BERE I 7 o R AR A /N IX SRR S (5 803k Lo 2 mm B, e, — g T R ]
WYEA ALY TEHLA (B A8 2 NH, -N FHE S A NO, -N) Flik 2085 5 4k Bl 35 2 0 D e, A 38 43 W1, 1 T 43 &
ARy W T AN 0. 15 mm G 5 I E T e WA HLET . SRR AL S MR D T i 2 (R R
)N HAR AR« 4 384 LT (soil organic matter, SOM ) % FH 8 4% B 40 40 i #4052 5 398 pH R F H 47
e (K 1.0:2.5) 5 14842 %A (total nitrogen, TN) R H H,SO,— #4575 f# , 91K & 2k 2 5 ok H KCIEE
AR 3 LA, %22 3h AL (AA3, SEAL Analytical, £# [ ) lll 5 ¥ J¥ 5 1 375 % #% (available phosphorus,
AP) K H NaHCO, I AR B, 224043 566 11 (UV-2100, Rayleigh, o [E ) %2 5 4 3 5 2% #1 (available potassium,
AK) % H NH,Ac &2 #& , K Ja 06 B L 40 B 5 vl 3% 14 43 ALY (dissolved organic matter, DOM) & AT % 4 43 #L ik
(dissolved organic carbon, DOC) I A] i M A HL A (dissolved organic nitrogen, DON) [ &L A1, R 4li /K 12 #2 , &L
A HLER S BT A (Multi N/C 2100, Analytik Jena , £ B ) il & .

TR M R 3RE LSS gk R B A, T 5 Rk B A A DG G SIS 4 4 - AT N T I (B-
glucosidase, BG) | B-£F 4 — B 11 iff (B-cellobiosidase, CB) | B-A M H i (3-xylosidase, XYL ) Hl -1 25 ¥ 1 i (-
glucosidases, AG) , & i A 01 35 £, Tk 2 3L 7 %5 b5 7 il (acetylglucosaminidase, NAG) 152 & i 2 J B i (leucine
aminopeptidase, LAP) , i % fLfifF 2 A B 1 8 B2 it (alkaline phosphatase, AKP) , ¥4 5% FH %¢ it 13 25 Al i 4Gz 0 4 A 4
P e .

1.5 HE>H
FH 8 5 48 2 (soil quality index, SQT) R i it 4= HE 4t FRAR B0 , 1 598 5t S 17 AR S B8R 3R W - 39 {lt IR 2 ik
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SR T 4. 74% 4. 85% H1 5. 46 % 5 Ui E AL = A
bk = % % F Yo 5 Dol it AU B A B 7 AR AT e 7

HE 15% %% ﬁ: T ’ ¢ JIE B F 15000, 22500 1 30000 kg' Fig. 1 Tobacco yield in different treatments
hm &b B % 4/ 7 5 43 51 Sy 2079, 2137 A1 2062 kg- CK & TR B U 3 F 00 4 PR+ 3 BB F 0N 5 F oG 70% UM + 2%

i L F e, 5B T 6.96%6.9.94% 6. 11% B 7000 kerhm % oGy 7076 BUAR AR 15000 degrhm 3 iy, o5
70% HME + A0 22500 kg-hm ™5 F Gy 70% &E + £ A8 30000 kg
(P<<0.05).

hm 3 FyGo 5:85% EME +GE 7500 kg-hm % F G, 285 % HUIE + 4L
2.2 ‘MRS MHRK 15000 kg-hm ™ *;F o G52 85% &M + L4 22500 kg-hm ™ %3 F .G, : 85%
5 F oAb BT LL L B LR 1596 R 3096 4 T, BUIREERIES0000 ke-hm o AR/ R A AL SRR A4 G

=" = =] . . . . . .

55 18 B TE 15000~30000 kg-hmfz . pH (4% 31 2% 5 (Pé0.0o) s K |_] . CK: No nltrogén Fcrnhzcr Tn winter fa‘ll'ow,
Floo: Winter fallow with conventional application of nitrogen fertilizer;

B FFEAR 0. 23~0. 31 A1 0. 25~0. 27, 8t %L AL 30 %% F,Gos: 70% nitrogen fertilizer with green manure 7500 kg-ha ';
ZAETF, 808 B E 30000 kg.hmfzii;igﬁjﬂﬁﬁim F,0G,,: 70% nitrogen fertilizer with green manure 15000 kg-ha ';

1

L W - . e
. Fmoﬁlii%%% 28. 2 W U 15% & F i F,;0G,5: 70% nitrogen fertilizer with green manure 22500 kg-ha ';

F,G,,: 70% nitrogen fertilizer with green manure 30000 kg-ha ';

AN T & JE 1A Fiﬁ}ﬂi%ﬁ HLI B B 38 1 4. 0~ Fy:Gos: 85% nitrogen fertilizer with green manure 7500 kg-ha ';
6.9 g’kg 1, i fl]g 15. 7%N27 1% , ,E\: ':F' . F85G2_0> FeG,o: 85% nitrogen fertilizer with green manure 15000 kg-ha ';
FSSGI.5>F85G1.O>FSSGO_5( #22)., 4% \ﬁ%{@i( BT Fy:G,5: 85% nitrogen fertilizer with green manure 22500 kg-ha ';

. A e A R . o Fy:G,o: 85% nitrogen fertilizer with green manure 30000 kg-ha .
FeoGo o) B B AF 75 Ak 3] 8 8 3% 22 5% o AL Fo, Different lowercase letters indicated significant differences among
FG, 5. FrGyo 0 Fg,GuJﬂL"IEiL%JEﬁ’ﬂl’fﬁf‘ 3;%%”@% different treatments (P<C0.05). The same below.
BT 51.7%,60.2% F1 64.6% . AN [F) 4% I B
b PR A AT HLER RDIE PE A PR (BR T FuGo o) M L F oo b BE 2R 5l B35 32 T 1 27. 200 ~44. 404 1 14500~
243%0 o B AE B LLERAE A TS 980 AL 30 0 FL AL 3R LR, oA E Flroo, FroGro FooGo s FTF Gy o B35
P 1 89.3%~195.0% 0 AHH Fig, FuGos FruGro FuGro FuG s Fl FoG b B IEM S A S 8 B &R S 1
83.6%~278.2%

AR RO CK AR, RO Foo A B . A [R) UIE Dt 4% 1 T, 38 Joi ik 415 Ao 2% il 4 2 IS o0 I 5 484
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B A Fo, 4420 00 8 5 B E A Vit 2008 30 %6 Ab R 4 398 it B 48 £ 4 0 e 3 BN 35. 996 .37. 494 .49. 1% Al
72.9% , W A NS 15% &R, 408 & K 15000, 22500 F1 30000 kg-hm 2 &b B - 4 5 & 45 504> 9 W IR
37.7%,46. 7% M 71.3% (K 2).,
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Table 2 Soil nutrients in different treatments

Ab 31 pH A BB Ex SR AR AR A AU TR HLA
Treat- Soil organic Total Ammonium Nitrate Available Available  Dissolved organ-  Dissolved
ment matter nitrogen nitrogen nitrogen phosphorus potassium ic carbon organic nitrogen

(g-kg ") (gkg ') (mg-kg ") (mg-kg ) (mg-kg ') (mg-kg ") (mg-kg ") (mg-kg ")

CK 6.1640.10ab 26.041.45cd 1.66+0.04b 6.224+0.17d 5545.63f 42.340.66b 380+ 30.0d 8347.54b 77439.4d
Fio  6.26£0.03a 25.54£1.40d  2.064+0.03a 7.6640.48d 66+13.60ef 43.3+£2.08b 41246.0Ocd 8144.51b 76+19.4d
F0Gos 6.00£0.09bc  28.6+1.43bed 2.104+0.04a  8.6241.39d 121+£7.04bed 44.6+4.65ab 653+81. 9ab 112+9. 33a 185+12. 2be
F;0Gy 6.032£0.01bc  28.940. 58abed 2.064+0.12a 14.5041.00c 140£15.60bc  45.9-£2. 94ab 583418. 6abc  103£3.02a 191£20. 3be
F;0Gy5 5.95£0.08c  29.24+1. 52abed 2.0940. 15a 18.4041.02b 101£12. 50cde 47.7-+3. 26ab 625460. 6ab 111+4.58a 221418. 0ab
F, G, 5.9540.07c  32.7+1.43a  2.1740.11a 22.60£2.73a 104£18. 70cde 50.14-1. 31ab 660+48. 1ab 113+14. 00a 259413. 4a
FgGo s 6.12£0.03abe 29.54£0.81labe 2.134+0.07a  7.5040.05d 90£5. 26def 42.2:£2.83b 478491.4bed  103=£5. 84a 136£13. 4ed
Fg Gy, 5.99£0.05bc 30.6+1.17ab  2.014+0.04a 6.5540.33d 143+21.30bc  45.9-+6. 35ab 503+58. 6abed  112+6. 78a 228+418. 5ab
FgGy 5 6.012£0.03be 31.8%1.63ab  1.9040. 19ab 14. 1041.40c 151£13.50b  46.5=£0.95ab 5904115. 0abc 116+ 3. 00a 209420. 7ab
FgG,, 6.01£0.09bc  32.4+1.33ab  1.9940.06a 6.93+0.61d 250+£22.40a  52.9+1.10a 678+81.9a 117+3.37a 242419. 0ab

TE: RPBUE NP ME bR 22 (n=3) . WS A/NG TR R R AR BE R 2% 5 W 2 (P<<0.05), F [,
Note: The values in the Table represent the mean + standard error (=3). Different lowercase letters in the same column indicate significant differences

among treatments (P<<0. 05), the same below.

2.5
(a) (b)
NO, a 7
3 ~ 201 b [F b '}
5’ bc be —I— be _I_
wn
&Y st 1 cd —I_
=2 B3
NH,-N i = o de
B 2
B 1.0
H3
o5t
DON
¥ § 3 = % o= =2 = ot 93
DOC AK © o= 0 0 0 o o 9 9 9
e < S < A S
A FE Treatment

2 TEFSERRIEREEH

Fig. 2 Soil nutrients and soil quality index

pH: + 5 pHE ; NO, -N: A A% NH,  -N: A% DON: Al E A HLA : DOC : Al vEPEAT HLIK s AR 3808 s AP AT 208 s TN B4 SOM : +HEA HL
Ji. Fld. pH:Soil pH value; NO, -N: Nitrate nitrogen; NH, " -N: Ammonium nitrogen; DON: Dissolved organic nitrogen; DOC: Dissolved organic
carbon; AK: Available potassium; AP: Available phosphorus; TN: Total nitrogen; SOM: Soil organic matter. The same below.

2.3 LMEEEEMH

A L 4% PR A 2 oA 8 2o AT T 5 0t R AT B T+ K AR TR M (R 3) o ML F L b B L FooGy R F G, AL
P e B- ) A W T B BT 4R OWE T S PR ) W SR T T 45.206.49.500 M129.9%.50.5% . &AL R
15000~30000 kg-hm *, yjifs &AL 15% F1 30% Z5 4~ 1 38 B-ABH 11 g 3% 14 43 0l $2 T+ 124 %6 ~225% F1 85. 7% ~
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230.5% o Bl 2 AT TC 45 DBl it UNE 15060 Ak B oo 0] 2650 W 4 BTG PR F oo B2 0 1 40, 190~147. 8% 0 ZRIEHEHE 22500
130000 kg-hm*fig £3 9 i AL 3096 Ab B o- 5 24 W TF B 05 VL 23 00 52 8 T 62,706 F1190. 8% AH L F oAb B,
Fi0Go o FosGo s T F oGy o b PR 58 £ Tk 22 56 ) 25 4 1 T8 0 4R 20 0 $2 & 1 48. 124,20, 8240 1 58. 500, 5 & IR 2 ik fik
Bl 15 PR 0 0 B T 19. 700 (15,300 A1 34,200 o T A IR Rl O P I A A A A A ) BT 388 5 L A EE F g, FroG
N F Gy o 20 5 R F N 37. 800 M124. 8%

®3 AEHERAE L EKREEYE

Table 3 Hydrolase enzyme activities in soils under different treatments (nmol-h™'-g™')

RDAT1 (60.52%)

b # B B AL R S i R MK WG LA 5
Treat- Carbon-related enzyme activities Nitrogen-related enzyme activities Phosphorus-related enzyme activities
ment B EEMEITEG  B-LTE CMEITEE B-ARMEITEE o AAIEITAE  ZMELAAN STEmER R B R
B-glucosidase B-cellobiosidase  B-xylosidase  a-glucosidases 11} Acetylglu- KT Leucine Alkaline phosphatase
cosaminidase aminopeptidase
CK 26.5+£1.72bc  1.6240. 16¢ 2.5140.27d  0.96+0.07f 7.640. 25¢ 51449.57d 509420. 3f
Fio 28.1+0.86b 1.82+0. 24bc 2.62+0.41d  1.4240. 22¢f 10. 640. 74cd 568+8. 24cd 606+ 11. 4cde
FG,s 24.241.33bc  1.7540.11bc  3.39£0.13d 1.52%+0.1le 7.94£0. 31e 534+8. 33d 534411. 6ef
F,.G,, 28.7+1.64b 2.19740.07abec  4.84+0.44c  1.8740. 04de 9.2+0. 30de 564+4. 32cd 580=+9. 9def
F,G, 5 36.6%2.50a 2.2440.14abc  6.8640.15b  2.3140.02cd  11.6=0. 90bc 61647 99bc 645439. 4cd
F,,G,, 40.8+3.91a 2.72740.07a 8.66+0.47a  2.7140. 13bc 15.741.05a 680+20. 40b 835+30. 4a
Fe:G, s  20.943.23c 1.94:£0.06bc  3.4140.46d  1.9940.02d 7.940.91e 52040. 88d 6304 36. Ocd
Fe:G,, 29.8%+0.52b 2.33£0. 17ab 5.86+0.26bc 2.2240.04d 12.540. 49bc 579+28. 60cd 666=+4. 4c
Fe:G, 5 30.1£0.74b 2.72£0.52a 5.9540.56b  2.9140.18b 12.8-£0. 31b 655417. 90b 675413. 5he
Fe:G,, 36.5%+0.98a 2.747+0.13a 8.5240.13a  3.52+0.37a 16.840. 79a 762+ 64. 50a 756+ 54. 8ab
b
(a) 10 (b) 0.8F
BG 0.8 : NO,-N
Nitrogen-related
0.4 enzyme activities
XYL
0.2 —_
x
AG 0 S b e DON...........
-0.2 g | ° 5 oM
NAG = ;
-0.4 ~ T Phosphorus-related
- " NH,-N  enzyme activities
gl ™
LAP E # :
0.6 - Carbon-related
0.8 enzyme activities
AKP e :
A0 0.8k : : i 4
T = Zz & M QO 9z z Z ’
& 5 = < < Q. O Lt -0.6 1.2
7] /A £ g
z Z

3 HEXMEFRTRSW

Fig.3 The correlation and redundancy analysis (RDA)

BG : -4 4G BE 1T W s OB« B-2F 4t W17 i s XYL s B-ACHETF 85 s AG : o 45 HE 11 185 s NAG « £ 9t %UH A4 40 Bl 17 1 s LAP : 52 508 2 55 K ; AKP Gl M i 12
fiff . Nitrogen-related enzyme activities : &% {1k #H 5 i 7% ; Carbon-related enzyme activities : B¢ % ft A SC i 75 1 ; Phosphorus-related enzyme activities:
W e AL A DGl TG 4 . 3R P<T0.05, ¥+ 3878 P<<0.01, ***3% /8 P<<0.001. T . BG: B-glucosidase; CB: B-cellobiosidase; XYL: B-xylosidase;
AG: «a-glucosidase; NAG: Acetylglucosaminidase; LAP: Leucine aminopeptidase; AKP: Alkaline phosphatase. *: P<C0.05, **: P<C0.01, ***.; P<_
0.001. The same below.
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2.4 EEHRHSMER EERLFERME R

S 0 LR ORI TG A AR G 4 B 4t SR R (8] 3a) , A HLT A RO AT VE A LR T A HLA
¥y 55+ et FURE AL B TG R R IR A OC , 4 pH 5 i U Ak M DG S M B A O, RIS Al Sk AU 1k
AH G % PE 2 IE ARG o TR A 4 R R W (11 3b) , 9 A % 43 M WROKT - 338 ilg 7% 7 1) i B %2l 66. 9526 (RDAL
60.52% ,RDA2} 6.43% ), 1A BT A1 SO0 0 5 Sk 3% 2K, vl 1 W 28 0 8 i 0% e 1Y) 722 Ak e B AR B A R
YERT, DTk %43 51 2 51. 7% M1 24. 0% (R 4) o 2R FH Al 3¢ /> - 3fe [t A8 455 780 488 7 AN [7] A1 = o 45 400 5™ 114 5% i) ([
da) , P 2 ar 43 BT 22 BH - 59 TC AL BUR o B8 28 0 il (80 2 T 4 35 0 8 0 8 ) T 40 00 Dy B e+ 398 AR o R
WL F1 45 AR . IR0 b B 2 R0 9 pH (L A EURN SRS M, AT LR (0. 48) FIERIE 1 (0. 41) i E B
e 45 A0 o (18] da) o BE DL AR AR A 3R WY (L Ab) |, 4 38 55 43 Motk v il 245 20 R0 T v PR BIL 000 A0 ™ S 11 BT ik R

R4 RSN BH

Table 4 Redundancy analysis parameters ( %)

Ak A HLBT ARWE pH  AEMEAPLA il S HAER R ATHEA LB SR
Treatment Soil organic  Available Dissolved organic Nitrate Available Total Dissolved Ammonium
matter phosphorus nitrogen nitrogen potassium  nitrogen  organic carbon nitrogen
fi#t B¢ >R Explains rate 34.6 16.1 3.8 5.1 4.5 1.1 0.8 0.5 0.5
BTk % Contribution rate 51.7 24.0 5.7 7.7 6.7 1.6 1.2 0.7 0.7
12 % 1 Significance ok ok n.s. n.s. n.s. n.s. n.s. n.s. n.s.

H:nos. RRLREMZESR . =FRP<0.01,
Note: n.s. indicate no significant difference (P>>0.05). ** indicate P<<0.01.

(a) b 7 o.78** ) pH (b)
Treatment R=0.603 10
R T Y «
gl
- T ogseel . 6l *
SOM N NPK ENZY

R’=0.733 R’=0.536 R*=0.770 R’=0.747

05 iR 72 3 N =
Increase in mean squared error (%)

74 Yield
R’=0.900
L4 18 JZ Goodness of fitting (GOF)=0.5631
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Fig.4 The partial least squares path model and random forest model

NPK %75 LA A RO, 87 25 (555 51 4 0.813.,0.478 1 0.794 , ENZY /58 +3E BG .CB XYL . AG NAG .LAP Fl AKP i ¥ , [§ 7 3 i
{43 3124 0.752,0.780.,0.824,0.946,0.912,0.907 F1 0.886, NPK represents inorganic nitrogen, available phosphorus, and available potassium, with
factor loadings of 0.813, 0.478, and 0.794, respectively. ENZY represents soil enzyme activities of BG, CB, XYL, AG, NAG, LAP, and AKP, with
factor loadings of 0.752, 0.780, 0.824, 0.946, 0.912, 0.907, and 0.886, respectively.

3 it
3.1 #REERTRERGLEREFREE > %

it I 75 2O 3 3% bR e 4 S L DR OIS 2R A RE S R i SR A ARBERR R, S i
NEAR L, oA 8 R ' i 55 46 35 E A 98t 15 %6 AR IE A1 B IR 30000 kg - hm* 45 JE FE 45 Bl it 30 26 AR 3 48 vy 1 10
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B HLT & i (P<<0.05) fH X 2 & & iR 3% (P>>0.05) , 4R 1 - i v A LA RS 28 A S i KR 7, B
i 2 2% A B 0% 8 000 S DB 8, 358 B R R R 2 T 1 AR 40 RUIE , W Al B T 4 v 0 R A i
A5 [ FE 2% B4 N 5 Ak 8 e i T ARG 75 E 8 U L kst R R A MR S JIE 3 T X6 4 3984 WL 5 (1 42 7
SEZ TN, — T WSS A B B R A K i A ALY A L A AR A TR BRI s 5 — D AT 8 - S A
Yy ik, A2 A PR B T 43 A 5 T N kS G A 0 P R L 4R A DL R e . AU
Yol it T 9 2 2R T - 9 R R e (R SRR Ak A LT Ak i A ) S A A R DU 5 e R Ak oy L 220
BRI TR I - g AU S 0 S5 A0 e AR H Re i K AR A VE T B S R n o R AR,
ST A P Ak R A SR A H R R AR, £k BB Vs R 30 %6 Bl Y6 45 46 #5 7500~30000 kg hm CH) g E R L
e R A, o F o G A BTN A 398 T R s U AR I U 3006 B HS O i S8 K 3 AR % A KA e A T 4 0
gams.

F R A 555 2% 1R o R AT bt - 39 9 40 110 3 2 AR 6T T 4R v 0 R 7 e AR DG B R R R AT Dt R
B 309 454K, B & 22500~30000 kg+hm *ZEAE , #5417 i b 2538 0, 32 22l T [R) it BE 5 =00 3% 4344k 1 Ay 5%
M 4% 5 . PLS-PM #8534 3 W], AN [ B e dat ¢ A 38 ok 81 79 4 38 BIL 5T A il 3% 7 (P<<0. 05) 52 ) 5 40 7~ 1, 3R W]
- A LT R P (0 4 v e R LA I TR B R AR IR T e ML i A B TG
Yy EREE R, anBn LB R E AR R A A AR R AP MR8 SI 40 R MU R A AR R A A L R
AR A KT B 354 A B TR E VR 0 3R 4y R AR AR R K BIRSAE IS | - JEEE T o 0 0 bR
AR R AR W ok AR TN BRSBTS L 0 o3 e A SR R AR T A A K TR Y SR ST R AL L A B
FARTE M= T R R A e A SR AT, T B AR M - SRR W AR KRBT A 25 T A 0 0 i
VERE RS , 2 H 0 M P~ i . 1 R 3R 43 vh WL AUTE PLS-PM 8 5 oh (K] - 28 £ (1 B 25 L 32 B WL AR AR 23 7 2 31,
0 2 RUR T U A B RN R 7 e (Y DT R R AR 0 — 2D R WO T SR AR I G o G A M R R A
PEE AR R, G AR 5 0 e Ak P B A ) T SR AR R L Xt R R AR AR A R R L R
2022 4 K326 it B85 K (1 24 A 6 58 A6 B AR 2 3090 BT BRI RE T, A A A SR, B RO i S A
22500 F1 30000 kg~ hm [ & 30t 30 Y60 ZUNE Y AR - 7=t 384 WSR3 BB 2% 25 R 2784 F 3127 T -hm KT Rl 2% AL 1)
JLA (1100 F1 1467 76 -hm *) , 2B, 658 46 39 15 v o £ AT IC it AS A3 R A8 552 390 1 MR B ke, i L 28 U Ak 4 10 3
3.2 Heltabe E Rt s 1R

S Rl O P A e S ) R AR T 0 DG BRE R R L  E BL A T O 43 A R SR A 0 R R
L0 5 R ik 00 0 - S Bl AR W O A 7= W e - R A R B BT SRR AA B O A AR A A KRR B R
THEERY  AOURBE T RUE Y ACHHE 2, o W R T b SRR U B R S0 B DG B K A R
AT KB, 5 AU AL AR L, B8R 2R 0 O e A I 0 , SR U T S5 - rh ik A B A AE O Bl 3 1 [
B, I 5 S AT B T ek (00 18 0 Rt 0% ek R B T o T AR AR I RE e B R LR R AE L 58 = 95 (Astragalus sinicus ) SR HE
o A U0 20 96 A 40 %6 KB IR AL FR R, 1 0 RS M o A W T I L B4 4 R i 3-8 A R A B-
A i M R

Folv L 0 2 A R 0% 308 Ao 5728 4 48 4 R R SHU RIS 43 oK S ) b K R R M DB BUIE SR L B SR IE
JE AR, K e mE S PR TR X T RE R R T AR R R I T i e R A S R A A
HLA) 0 o gt B 1 BRI 000 T P L 0 T A R 5 DT AR 0 1 B A B A RIS M SR W T Bl R
- R 7 A R R ) IR BN S AR S AT LA A R b R 2 R 2 A S Sl 2K s 4 B P T
BEIN G OCHE F AHOC R AT FWT, E pH 5 AR U 1h I 0 2 GO G, 36 B R A A FH T it Ot
i3 A7 1] T 3 pH L A BY TR TS Sk AU AL K R R R M. e PR AR B B S A R — B, A LB
AR A I E R R R B 1 5 Wl Tk 2 O — TR DG OG R v M ML R O G i T R 0 STk R . A
M+ 3 A B 32 BBk i B a0 T S A T e ek it MR B2 T T M ML R A ol L A B T e
A e W B A, B R A R OR AE Y A 7 o DR, SR T A T T e e AR AT A B AR o - M S
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PE BCE MU YRR Horh, R B RO M 4548 2 22500~30000 kg hm it 480G 30 % AR 254 3R I
4 i

558 B AC AH B, O i 58 48 2 B0 I A it 3000 SUNE AT 4R R b b 2 5 i U A Ak R DG K A T 1 0
P, R Ry, B0 S B AR R, DT TR 7 i AR SRR UG 554 3 B i 22500~30000 kg
hm AR5 ROR AL .
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