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Abstract: [Objective] Intensive orchard management in semi-arid regions has caused soil quality degradation and
declining ecosystems’ multifunctionality, thereby threatening production sustainability. While green manure
mulching shows promise for sustainable orchard management, the mechanistic impact on soil quality and ecosystem
multifunctionality remain unclear. [Method] This study investigated the impact of four green manure mulching
treatments- no mulching, gramineae monoculture (ryegrass, Lolium perenne L.), legume monoculture (white clover,
Trifolium repens L.), legume-gramineae mixture (1:1) on soil quality and ecosystem multifunctionality in semi-arid
orchards. [Result] The results revealed that green manure mulching substantially enhanced soil quality, with legume
monoculture showing superior performance (89.0% and 88.5% increases versus grass and mixed systems,
respectively). All treatments stimulated soil enzyme activities and alleviated microbial limitations (carbon: 5.8%-
8.6%; nitrogen: 5.0%-14.7%), collectively increasing ecosystem multifunctionality by 87.4%-100.2%. [ Conclusion]
This study reveals that green manure mulching effectively enhances soil ecosystem multifunctionality in semi-arid
orchards, with legume-based systems (monoculture or mixed) recommended for implementation.

Key words: Soil quality; Carbon fractions; Enzyme activity; Enzymatic stoichiometry; Microbial metabolic
limitation
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FET IR A BECRIEIN SRR, HE BRI S 55X 52 0 A0 K AR RE (i
BG. CBH (4[4 —Fitil). NAG. LAP. AKP Z5) HIEM/KF. SR1, Samifmt 78 1 2
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WA A, AT g B R AT ) 7 a5 o) B AR A R R A RS, Ry B EL (Lolium
perenne L.). E ="t (Trifolium repens L.) F.4%. TRFEHA LI M LS B8 L R R X
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1R 7

1.1 RXER

F5E XA T B PE 44 T e 17 K B AL BRI AT (35°21'N, 109°52'ED, & TR iR K
Bt PR 2 XS, 2 PR /K & 577.8 mm, FR/KEEHTE 6—9 A4y, WG H 1A A 1+,
PRI 0~20 cm L ZAFEABTRAME T N : ALK (SOC) 13.00g kg?, 4% (TN) 100 gkg
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L BAEE (AND 24.90mg kg, HREE (AP) 15.90mg kg, R (AK) 232.30 mgkg,
pH 8.30.
1.2 3%

REG T BB T 1991 fEad s, SR S 0.33hm?, N #EE AN KE 2 5, 4280
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N FIZRAEE &5 T 38 BB ARSCBEEE, 70 A P S R 1 (EEAS)
BEATRAE, ZHFFIHE AR,

C —acq = VBG x CBH 4)
N — acq = VNAG x LAP ©)
P — acq = VAKP x AKP (6)

A, C-acq ABKIEHAHCHE (BG #1 CBH) ¥4, nmol g h; N-acq AEIEIAHKEF (NAG
A LAP) %1%, nmol gt hl; P-acq NBEIEMAHCEE (AKP) 3EME, nmol gt hl,
I R 2T B E B AN R SR IE A 5 T RE AR R R 1 e, Al

BG+CBH

~ BG+CBH+AKP ()
_ BG+CBH (®)
Y = BG+CBH+NAG+LAP
VL = \/x2 + y? 9)
VA = Degrees[atan2(x,y)] (10)

A x AERBRAEPI AR SCBEEE CRRAEPAH SCHEEVE+BEOE P AR SRS ),y R BRIAIAAH
REHEPE CBRAGIAAH SRS TE+ BRI AR RS L), VL ARERKE, VA NREME, $
B VLAEBK, FRom A PBBR I ERGR . VA /N T 45 7R PRI (A FEBR/NR il Ekss)
KT 45 MNFRRBERR ] CFf BB R A5 ) o

e, T IS E LIRS R 2 ThRetE(EMF) 128, (AT
EMF = 0.05 x X7 (%)2 x sin (%) (11)
A, R AERFEARPREA RIS NEE T2 0B F S, R ZIRPREIT A AL B i 5 K AE
n NFEbR L.
1.5 it otk

A AR AE AT AT i85t 7 Levene £ 58 (U7 25514 A1 Shapiro-WilK £ 46 CIEZSTED .
RNVEAGAS R SR A 78 a0 IRy & i SQIL MK MS AR EMF FEA, KH #
5 2257 M Cone-way ANOVA) T4 IH] Lb A%, iz XS H (Duncan) £ & L%k (P <0.05)
I e M3 ) 2 S M . A SSHIR BE ] Origin 2024 224, TUAX /0 HT (RDA). BEANLAR AR
T SRR (Mantel-test) 24 ATz ZiR3E (Pearson) A %1 23 B K R 8 5 (RA 4.4.1)
] “Vegan” “random Forest” “ggcor”fll“corrplot” 3172/, SQI. MEKE. MEMES
EMF 2 [8] [ 5% I8 2R P Rl I 3047 2 I A 565«

2 4t R

2.1 RIEBEX HIER S TIERERF

SRR T LT AT B . RCE AR R (R L. 851K, SRE
FEE 3% TN. ANL AP. AK. DOC. MBC. MBN. MBP. SWC & &, JRIEAFEE EF
f+4% pH. M HM, SY EE$E5 1% POC. ROC fil NOC, 75l 28.64%. 2.17%#!
2.33%; fH Lt HB, SY .3 4% = 4% POC.ROC 1 NOC, 43 Jll 4% & 23.12%. 2.95%H1 12.60%:;
FHLL SY ATHB,  HM &3 #m 13 MAOC, 752 26.45%F1 20.78%. HM [1iHh B4
Ve R E T SY I HB Ab#,

K128, ML CK, ANFLRIEE RN SQI B W& m, #EHlN: SY>SHB>HM>CK, SY
5 HM Al HB 235421 1 88.52%11 89.01% (P < 0.05).
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Table 1 Impacts of different green manure mulching on soil physicochemical properties, microbial biomass, soil enzyme activity
indicators, and above-ground biomass

Ab3 SwC H SOC TN AN AP AK
Treatment /(g kgl) P /(g kg™ /(g kg™) /(mg kg™ /(mg kg% /(mg kg™t
CK 196.3+1.3c 8.5040.03a 10.2840.45¢c 0.7640.01c 11.4740.85¢ 32.2240.64d 367.4444.63d
HM 203.943.5b 8.4610.03ab 11.2140.20ab 0.8240.01b 14.1240.63a 44.9340.12a 409.03+2.67¢c
sy 215.642.3a 8.4440.03ab 11.4740.39% 1.0240.02a 13.0840.21ab 40.9040.24b 611.2944.63a
HB 202.040.9b 8.43+40.03b 10.4240.28bc 0.83#0.01b 12.7340.16b 35.0240.26¢ 526.2344.63b
Ab DOC POC MAOC ROC NOC MBC MBN
Treatment  /(mg kg™) /(g kg™) (g kg™) (g kg™) /(g kg™) /(mg kg™) /(mg kg™)
cK 74.1841.12c 5.1140.05¢ 5.1740.42b 2.7440.01c 7.5440).44c 36.7441.58¢c 22.22+41.49c¢
HM 93.3942.93ab 5.2540.12hc 5.9640.10a 2.7840.01b 8.4340.21ab 96.132.97b 28.65+.81b
sy 95.25+.79a 6.7540.15a 4.7140.38b 2.8440.01a 8.6340.39a 95.58+1.34b 27.83+.01b
HB 90.69+1.34b 5.4910.18b 4.9310.36b 2.7640.01bc 7.6630.28bc 100.91+1.69a 33.2242.3%a
Ab3 MBP C-acq N-acq P-acq AGB
Treatment /(mg kg™ /(nmol gt hY)  J(nmol g*h?)  /(nmol g hY) /(thm?)
CK 24.424.01d 13.73+.16¢c 16.79+1.60c 63.27+1.77c
HM 30.83+1.09¢ 17.6740.99b 24.09+1.00a 97.464.17b 3.294).14a
sy 41.37+1.07b 23.3440.56a 20.2441.88bc  103.89+1.28a 0.6940.05¢
HB 55.024.64a 21.5240.45a 21.394.76ab 98.10:4.14b 2.2040.31b

WE: CK: E&EER, HM: RARER, SY:

HRES, HB: RAMSERREEEG. SWC: L5 /KE, SOC: HIfaHLEK,

TN: 2%, AN: TAEA, AP: HRME, AK: X, DOC: WHMIEANLEK, POC: BKIAHLER, MAOC: ¥4 &a& ANk, ROC:

GEMANER, NOC: AN, MBC: AMAY=EK, MBN: HAMAMER, MBP: WMAWAYERE, C-acq: BIGHEG,
N-acq: #AGHEF, P-acq: WEIGHEE, AGB: ZRALHL BEBAEYIE. HUELVFIHEERERFR (n=3); FZ/NG FRARRAM S T2
Z5% (P<0.05), FIA. Note: CK: no mulching, HM: gramineae monoculture, SY: legume monoculture, HB: legume-gramineae mixture.
SWC: Soil water content, SOC: Soil organic carbon, TN: Total nitrogen, AN: Alkali-hydrolyzable nitrogen, AP: Available phosphorus,
AK: Available potassium, DOC: Dissolved organic carbon, POC: Particulate organic carbon, MAOC: Mineral-associated organic carbon,
ROC: Soil readily oxidizable organic carbon, NOC: Soil inert carbon, MBC: Microbial biomass carbon, MBN: Microbial biomass
nitrogen, MBP: Microbial biomass phosphorus, C-acq: Carbon acquisition enzyme, N-acq: Nitrogen acquisition enzyme, P-acq:
Phosphorus acquisition enzyme, AGB: Above ground biomass of green manure. Values represent mean = standard error (n = 3);
Lowercase letters in the same column are used to show significant differences with treatments (P < 0.05). The same below.

I REVNGFRFBPRANR S %2R 5% (P<0.05). FFE. Note: Lowercase letters are used to show significant

1Lop

a
—F—
08t
06}
=% b b
w
04t
02t
c
0.0 [ ]
CK HM SY HB

AEIE Treatment

differences with treatments (P < 0.05). The same below.
Bl 1 RIS 55039 5 e 3T AR (SQD MR
Fig. 1 Response of soil quality index (SQI) to different green manure mulching of apple orchard
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LR NETE w5 X AN R BRHE PR AR RIS (R 1) . 2R IE7E 5 5% CK ] AN [RIFE R i v 1= 4% C-acq-
N-acq 1 P-acq BEVEPE (Fk SY 4FEH N-acq ANEESM) . ML CK, ZRAEE T T 1% C-acq
1 P-acq BEHE T B E R E T 28.70%~70.06%#11 54.03%~64.18%; #HLt CK, HM A1 HB nJ &
F e 3 N-acq B 1 43.44%F1 27.37%, 117 SY JCEEH#M . [FIK, ML HM, SY Al HB
43Rl i Ry C-acq BT 14 32.14%F1 21.82%.

HETEFEIT RS0, CK 5 HM FESfi+ L1 k7 (B 22, BoRflEmRy
AR R ERPRE, 1M SY 1 HB AR T YERF A TR 0 R AS o ZRIEE iR CK XA
TR EMR B MAE R (B 2b F11E 20, HA, SY A1 HB X &R S &M SR T HM

(E 2b). WHESHE—PTERNEKESHAEERMHE SR (K 2d).
a) HO.& r ,, b) 60

> = (K .
o5k & HM e 50k
6 o 8Y P “1:1 line b a a
= + HB . c -
704} # = 40
T sap =
= s o
Yo3 e =30
g s
=02t 7 20
= Ve
| -,
o
o L7 VL 10F
o) Ve
VOO z 1 VAI 'l il 1 J 0

00 0.1 02 03 04 05 06 CK HM sY HB

(BG+CBH)/(BG+CBH+AKP) YbFE Treatment
0.8 d) 48 ,
©) ) R’ =033: P=0.053
a

0.6} c b be 45 - L 00

= 04F £ 42F 4
A
s
02} 39f " a
0.0 36 L \ , . )
CK HM SY HB 0.54 0.56 0.58 0.60 0.62
PR Treatment VL

i BG: B-14-H%iFEiFEY, CBH: 44k Wi, NAG: B-14-N-ZBiIEZ M EMEHE, LAP: ToRMEkAY,
AKP: GMEBERREE, 1:1line: 114k, VL. MEKE, VA: mEMAE. BdIRKIEERESITFBEEXN (95%). T
[7]. Note: BG: p-glucosidase, CBH: cellobiosidase, NAG: 1,4-beta-N-acetyglucosaminidase, LAP: leucine-aminopeptidase,
AKP: alkaline phosphatase, VVL: Vector length, VA: Vector angle. The shaded areas (d) show 95% confidence intervals of the
fit in the linear regression analysis. The same below.

2 SR A R R (@) S1ES T (b VA, c VL, d. VA5 VL F#EM)
Fig. 2 Soil enzymatic stoichiometry (a) and vector analysis (b. VA, c.VL, d. Correlation between VA and VL) in an apple
orchard with green manure mulching

2.3 TIEMEMRBIREI S TIEMERFHIX R

WA B BERBOIFE R IR REPRAS Z 2 Fh LI 7 Ik5) . RDA 458K H, +
A BFRS (AN. AK. AP) FIlEMREEZ 7> (DOC. POC. MBC. ROC) &3 E5eim
A1, H AN Al AP 5 N-acq 1EAH5%, POC. ROC. MBC. DOC #1 MBP 5 C-acq 1IE#HZ% (P
<0.05, & 3a). FEHLAM M E R, TN, MBP. AK F1 POC & R0 [ & £ B 1 3 3 I A
T, AK. MBN. MBC. AP. SWC. DOC 1 AN &5 [fi] &K B i) = 2 I8P (& 3b f1
Kl 3c). AR, MEKERE SQI FH&Em R (P <0.05, K 4a), MEMEHE
SQI FHEfi K (P<0.001, K 4b), 1X 5 BH 358 i & 1) 68 A B T S A A= 0 i ok U PR 1
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a) os b) v B
MEBP) ]+
AK Tor
= POC I
To4 MAC] I
= Y S —
< e 1
P AP
goo Do ;
T MBN va
Roc — R=8231; P< 001
04 NOC
pH 'E
soct [
i

) FOR- . 10
HIH 1R85 Increase in MSE/%

C} AK |+
MBN | *
MBC | *

AP ]
SWC ]
DOC K

MBP ]

AN [
ROC
POC
MAOC
H .
P :|:| R=6636; P <0.03

NOC
SOC

1‘52111 iR hﬁlucrcasc in PEN":%

E: RDA: JURHT. WEHARAETIRE 7 RMAEYEDE, CEfikienEEESRERfLt. **x P<0.05, **%
~ P<0.01, **%&/x P <0.001. Note: RDA: Redundancy analysis. Blue arrows represent soil physicochemical properties
and microbial biomass; red arrows denote soil enzymatic activities and vector metrics. * indicates P < 0.05, ** indicates P <

0.01, *** indicates P < 0.001.
3 L EEEVE LA A BARFAE S IR AR AR R OREE (a0 TURT, b . BERLERAMO

Fig. 3 Relationship between soil enzyme activities and vector characteristics with soil factors and microbial biomass (a.
Redundancy analysis, b. and c. Random forest)

a) o2p b) 48y
= (K
. 4 HM a6k R =0.68; £ =0.000 92
0.60F w o SY
. + HB
0.58 b
Q
g o =42t
0.56 F +
A (=3
+
A 4 A
0.54F  R=0.34; P=0.046
0.00 015 030 045 060 075 090 g ofg gf4 0f5 ofs IjO
SQI SQI

K4 B3R ERHSHESEH (a VL, b. VA MEIHXR
Fig. 4 Regression relationships between soil quality index (SQI) and vector parameters (a. VL, b. VA)

2.4 FIBENTIRESRE S RN

5 CK Mtk, RASHEHE & 48Tt 3% EMF (] 5). i, HM. SY f1 HB Ab#
13 EMF 2 5% CK #4251 89.35%. 100.15%F11 87.41%. Mantel-test 4456 7> #7128,
AN. AP, AK. DOC. MBC. MBN #iI pH &5 1138 EMF ()3 20Kk3) /7 (B 6a). FHH
Siridt—2 88, 3% EMF 5 AN, AP, AK. DOC. MBC 1 MBN & &2 EA%, T
5 pH BREFEAAK (K 6e). MIHNHTEEREH, EMFBE SQI Al & M A3 i Bt (&
6b A& 6d), {HEEZE Ml B RGN N (B 6c), X3 RT3 & & i A v
EIRGA BT LIRS REN Z RetE; [, SY F1 HB @i 52 mm 185 s A RE)
RUFFET 3% EMF [RURSE T HM (& 6b, [ 6¢ F1IE 6d).

http://pedologica.issas.ac.cn



+ g R
Acta Pedologica Sinica

25
a
i 1
1 L 1
1.5F
=
= b
1.0F 1
1
0.5F
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Fig. 5 Effects of green manure mulching on soil ecosystem multifunctionality (EMF)

a’:,,if‘,{%‘s“as &Qa~b?d~%0&@q’¢;?h$ e) §Z
'****ﬁ**‘,\f**' W o soc 9%;";5“—
3 R a4tk * LN AN @ d <,
Wl ddhhne o ArgesL<S .
* o iy o || - * AP r\-(n.une‘\;lr DOC “ﬂ"w’g g 5
L S TR ) LW St -1
o il 74 1 P
"1 N . Mantel's r ase
WERAw o adrs e T Wc08gssss00
- -4

M - MBP 00 8% 0.17-0 05 gfff a4 i 21-0 02 g | _
*** S W TR Ranss  SWC B P s P s S D
oy o - fr o noc l PH 022000 10028y @ 63001 0350 2By Ry Ry a3 O 5
05 C-acq o g i o3 g o g 5 9 F P N1 2 S
*t** & mBC N-acq 68 0.15 g g 0.1 0 01 @89 025 635 P o 0239 02 Ty o9 15 2,

v Mos  Pooeq B PP PP G o B PP PSP 5 _,
o

. VL 030 g g B g 0.2 .130.29 5 g g Ry 9 R W N 6
i 4 vor MO PP PP b b o b et
o o swe EMF @ @8 PoF 8 00 8 8 o7 P P PN P SN 5

|
~1 08 06 —04 02 0 02 04 06 08 I
b)24 c) 24 d) 24

20

I 1= &
2 z Z16
12
12 12
08f  K-0snp-000s . E'=035, P05 3
.
08 L " L I i 0.8 5
00 02 04 06 08 10 0.54 0.56 0.58 0.60 062 390 405 420 435 450 465
501 VL VA®

7F: Mantel-test: S45/RH%, Pearson FoRith. B a PR FRR P<001, GHak%&RR P<0.05 HLELKERr =
0.4, HEMLRKFAR r=02~04. Ee i MR REMIE, LELFMREFMEGEG BEREES TR R
WLJCTKERE . Note: In Figure a, the orange lines indicate P < 0.01, while the green lines represent P < 0.05. Thick lines denote r =
0.4, and medium-thick lines correspond to r = 0.2-0.4. In Figure e, the blue right-pointing ellipses signify positive correlations,
whereas the red left-pointing ellipses characterize negative correlations; both the color intensity and geometric dimensions indicate
the strength of the associations.
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Fig. 6 Linkages between soil ecosystem multifunctionality, soil environmental factors, soil quality index, and vector
parameters (a. Mantel-test, b. SQI, ¢. VL, d. VA, e. Pearson correlations)
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