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Abstract: [Objective] The adaptive mechanisms underlying plant root nutrient acquisition strategies in
fragile ecosystems represent a central topic in ecological research. The synergistic regulation of planting
patterns and arbuscular mycorrhizal fungi (AMF) is widely recognized as a key pathway to enhance plant
stress resistance and ecosystem function. However, the coupled mechanisms by which these two factors
drive rhizosphere microenvironments and root morphology remain insufficiently understood. To elucidate
how planting patterns and AMF synergistically shape the coupling between rhizosphere processes and root
architecture, this study aims to reveal the coordinated regulatory effects of different planting patterns and
AMF inoculation on rhizosphere dynamics and root system configuration. [Method] This study was
conducted from 2022 to 2023 in the typical Pisha sandstone area of Jungar Banner, Ordos City, Inner
Mongolia of northern China, focusing on stress-tolerant shrub species native to the region. The experiment
included three planting patterns: monoculture of Clematis fruticosa and Spiraea pubescens, respectively, and
a mixed-culture treatment of both shrubs combined with AMF inoculation and non-inoculation treatments.
We systematically analyzed variations in rhizosphere soil microhabitats and fine root morphological traits.
Two-way analysis of variance (ANOVA) was employed to test treatment effects, while partial least squares
path modeling (PLS-PM) was used to dissect the driving effects of rhizosphere microenvironment on root
morphology. [Result] The results demonstrated that significant interactive effects existed between planting
patterns and AMF inoculation on the rhizosphere microenvironment and root morphology. Under
monoculture combined with AMF inoculation, the contents of microbial biomass carbon and nitrogen in the
rhizosphere of Clematis fruticosa increased significantly by 120.7% and 337.2%, respectively compared
with the mixed-culture inoculation treatment (P < 0.05). Meanwhile, AMF inoculation reduced nitrogen
hydrolase activity under monoculture and mixed-culture treatments by 31.7% and 41.6%, respectively
compared with non-inoculation controls (P < 0.05). In contrast, mixed-culture enhanced soil available
nitrogen content for both C. fruticosa and S. pubescens through interspecific nutrient complementarity, and
synergized with AMF to decrease rhizosphere pH of the two shrubs by 0.3 and 0.1 units, respectively. Under
monoculture, AMF inoculation significantly increased average root diameter of C. fruticosa and S.
pubescens by 16.7% and 20.0%, respectively compared with non-inoculated controls. Without AMF
inoculation, the number of root tips for both shrubs under monoculture increased significantly by 95.1% and
59.2%, respectively compared with mixed-culture treatments. Partial least squares path modeling (PLS-PM)
analysis revealed that soil enzyme activity (total effect + 0.894) and pH (total effect + 0.548) were the core
drivers of changes in root morphology. [Conclusion] By integrating multi-parameter datasets, this study
demonstrates that shrub root architectural formation in the Pisha sandstone region is predicated on
mycorrhizal symbiosis and mediated by remodeling of rhizosphere enzyme activity and pH. This plasticity
reflects a differentiated adaptive strategy to planting patterns and inoculation treatments, offering a scientific
foundation for optimizing plant-microbe resource allocation in vegetation restoration.

Key words: Pisha sandstone area; planting patterns; arbuscular mycorrhizal fungi; rhizosphere

microenvironment; root morphology
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Tab. 1 Effects of planting patterns and inoculation treatments on soil microbial biomass

R AR B MEYAEYEB(MBCO)/(mgkg) YA YR (MBN)/(mg-kg™) MBC:MBN

BEA +AMF 48.10+ 1.18Aa 9.40 +£0.27Aa 5.14+0.16Bb

Clematis fruticosa —AMF 37.97+2.71Ab 5.53 +0.36Bb 7.06 = 0.67ABa
Bk

AL +AMF 42.45+2.53Ba 7.60 +0.42Ba 5.71 £ 0.45Bb

Spiraea pubescens —AMF 35.59 +2.25Aa 4.81 +0.39Bb 7.79 £ 0.76Aa

WEA R +AMF 21.79+ 1.23Db 2.15+0.17Db 10.79 + 1.11Aa

Clematis fruticosa —~AMF 31.37 £ 2.90ABa 6.73 £ 0.34Aa 4.78 £ 0.56Cb
TR

+ g5 +AMF 36.22+191Ca 5.45+0.35Ca 6.88 = 0.60Ba

Spiraea pubescens —AMF 26.18 £ 1.38Bb 4.63 +0.26Ba 5.78 £ 0.40BCa
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Tab. 2 Effects of planting patterns and inoculation treatments on soil enzyme activities nmol/(g-h)
- g -1,4-N- LT — @ FE A + N
e — [ —
FAT L PP b2 B-1,4-%1 % FE T EF(BG) B R R IS (NAG + LAP) R LR N D)D)
A +AMF 2472 £ 1.51Aa 23.63+2.11Cb 10.17 £ 0.55Ba
Clematis fruticosa —AMF 21.62 + 0.90Aa 34.61 + 1.50Aa 10.46 + 0.52ABa
PSS
TR +AMF 24.29 + 1.02Aa 4558 £+ 2.51Aa 14.68 + 0.74Aa
Spiraea pubescens —AMF 20.97 £ 1.18Ab 39.33 + 1.60Aa 12.18 £ 0.69Ab
VEARRLE +AMF 10.74 £ 0.52Ba 21.91 £2.26Cb 8.53+0.25Ba
Clematis fruticosa —AMF 11.51 £0.42Ba 37.51 £3.67Aa 10.26 + 1.07ABa
TR
G +AMF 8.99 + 0.61Ba 34.10 +2.97Ba 9.81 + 1.42Ba
Spiraea pubescens —AMF 6.28 £ 0.59Cb 32.75+2.03Aa 8.67 +0.53Ba
R (P) sk sokok seokok
FERALH (D o * NS
FAEAE A x BEFpALFE (P x D NS seoksk NS
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SR NI T 31.7% (P <0.05)f141.6%(P<0.05),
MAE - FEF LA PR L3, Befh AMF X H NAG +
LAP B35 PRI o W 3 2 = o M ah, Bk b B
T, +AMF &b 3 i 4 45 25 5 3 B HS 3 1R e
T R B CALP)YE 1%, R AR AL IR 5 T 49.6%(P <
0.05), 3% BH B3R Ab 3 15 25 WO B, i v 1 2R R L
CEVAR

TR AR R R 3% pH. WEARYEH HLER(DOC)
AR CAN) K A B (AP Y B W) 5 3 521 (P <
0.01), 771 422 b Ak B 1) 3= 2 2007 Ak UL LE - S8 4 22 i
JiTH (% 3). AMF %f DOC f i 275 H 5 A 5%
5598 R A BEAH B, +AME Ab FE B3R R4 2k 4
DOC & & 140, #05 f 8 R 246 5% DOC & & B
K. $Fl AMF % SAR PR 38 pH BRI, TCHAER R
RERBRAE L, pH B FEIE 0.3 M HAL(P < 0.05).

TR AL P v I R A A, o fE+AMF Ak B
N, TRARACHEL AN 8 3 T X SR R
RACEL . ML Z T, AR LA R R 1y 3
FURHE T AR R . AR S LA A AP
G ERIRA L 68.9%(P < 0.05), MEARZL
N AER BB EE R, &1, TR RER T
A5y FRRE VR R A B S AMF YR RIVER, BT
BRPEELSS BR AT PIARBRIAST ;1M SRR AL 2 |
AR TR A RS 2638 1 B W U
22 BEEXFTEMAEEREFXNARESH
A1

MR ZT7 2 5 i, A S AMF $5R00t
BEABRLEM L ESLHMIRATES LG REN
RN Je A HAE (B 2D 45 KB, Bk kb 7R
T, +AMF 203 (AR BRZR A L RS 2k % 1) AD

F3 HEEXTEMALEY T EAF R

Tab. 3 Effects of planting patterns and inoculation treatments on soil chemical properties

Fe A B a3 13 pH BIREA N (DOC)/(mgkg™)  ARE(AN)/ (mgkg™  HRBEAP)/(mg-kg ™)
VA 2 +AMF  9.06+ 0.03Ab 3.09 + 0.07Cb 5.32+0.22Ca 2.71+0.14Ba
Clematis fruticosa  _AMF 9,17+ 0.02Ba 336+ 0.04Ba 3.99 +0.10Cb 3.25+025Aa
AR
AL +AMF  9.25+0.02Aa 3.75+0.12Aa 7.17 £0.18Bb 424 +0.47Aa
Spiraea pubescens  —AMF  9.29 + 0.02Aa 3.93 +0.07Aa 797 +0.21Aa 3.90 +0.53Aa
ARk +AMF  8.81+0.13Bb 3.40 +0.08Bb 6.85+0.17Ba 3.14+0.23Ba
Clematis fruticosa ~ —AMF ~ 9.21 +0.02Ba 3.81+0.10Aa 6.48 = 0.15Ba 3.09 + 0.29Aa
TR
R % +AMF  9.13+0.01Ab 3.16 = 0.07BCa 8.12£0.16Aa 2.51+0.25Ba
Spiraea pubescens ~ —AMF  9.29 + 0.02Aa 3.26 +0.04Ba 7.93+0.21Aa 3.30+0.55Aa
RAERE R (P) *kx ok sk ok
R b (D sk wx * NS
FRAEAE T < EAPALEE (P x D #x NS ek NS
a FRATRL P, worx PEFpALEL . b AT P, wrx PEFpAbEL. o FRAEREC P, wrx FERPAL AL .
TEFPAL B 1, e +AMF PR 1, e +AMF e 1. NS +AMF
FAR < R B P x 1. —AMF FAA < R B P x 1. —AMF FABR < R B P x 1. —AMF
ETTS NS ET TS
0.25 ¢ 9 Aa 2000 [
£ /§I§ W S
E 0.20} 27t Bag, Ba AaBa _1s00} Aa
2015} Aa Z g' Bb ABa = Ab Aa
) Bb BaC Bb BbBa B al % 1000 | Bb
o010} C = 2
o 3t 3
T 00s| % 2} I B
B =t Bh=? an
~
0 =0 0
& &R & &R & &R
Mk Rk Mgk Rk Mk Rk

RRIKE FRER R A R B N A FEAR AR 22 5 B3 (P < 0.05) 3 ANE/NG FRRR A R AR AL T A Rl A b 2]
23 BE (P<0.05) . CF HHEKRILSE Clematis fruticosa, SP N+t FH5425 Spiraca pubescens; +AMF 5 —AMF 43 5| /s F0 A
AL TRAR ELP 5 AR A b 2

2 KRR HE A A B A AR T A5 (¥ R

Fig. 2 Effects of planting patterns and inoculation treatments on fine root morphology of seedlings
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ETE A R A 2 S R I RO AR B T B2 5 AR TR 25 R 5 7

B —AMF L 53 5 52 30 1 16.7% 1 20.0%, 1
TR A B ) 5 IAH S (] 2a) . +AMF 402N 2
Pl E K B 4HAR SRL 7E A [ A% i A% X 1] 06 2 35 22 ¢
(K 2b); HYE-AMF 4L H R, AL S 2% 1
SRL IR ARAFEHE = T 30.8%(P < 0.05) . ~AMF
WEEF, SIRARACEA L, PR R ZR ) RT
FHIN T 95.1%(P < 0.05), ¥k HEFHLH N RT
W EWINT 59.2%(P < 0.05). 4Rili, fE+AMF At
R, A R B R R Y RT 2 7 Rk K -F
(E 2¢). PRIk, AMF SR 2 25 (1) 58 [ 1 42 Bk T
FertA A 7E AR AL EE R, +AMF R & AD 380,
D) SRL A1 RT 3858 (AR R T A REAE s 17 75 VR A%
AEFER, +AMF #I5] AD #800, #1527 RT % &
IR R,

N T B AR B A A 35 06 20 AR R SRR AAE 1 B Bh AL
Hil, PR AR AR S AMF 2R (14 (R4 X008, A 5T
FIEE T i B /I T B AR AR Y (PLS-PMO AR 28 (455 B 411
G =0.67) . BALEIR, R SR b HE R+
R A AR SR IRl I B A R A S A 4
KRR RIEA(AD. SRL. RT) (] 3). s A5+
B R (42 R B +0.20 D AR R 75 (+0.361)
BA B2 LW, EXHED YRR B
BRIFEE (—0.524) o FEFRAGFNT HIH 7747 (—0.191)
55 43 pH(—0.438) 77 4 & 3 f m) IK B, [ B Sk 2
e B W A= W B 1 N (+0.454) . 3 pH KR
W) A=) & (+0.576) S 1 1 g U 1 (+0.363)3 B
3 IE VN o AR W AR I 3 O R e i 1 R
T PE(+0.488), H & 35 Hl ] -3 8574 (—-0.233),
35 il i P DU 38 AR 4 (+1.0660) AR RTE A
(+0.690) 35 7= A& 58 ZU 1E 7] 3K 3l (& 3a) . £ A 1 %

0.361%**

HE R T2 1 IE 1) e 2808 HE 7 AR IR g e b SR i
P (+0.894) > 43 pH(+0.548) > T AW EY &
(+0.266) > #& # # RX (+0.130) > + A 2 3% 4
(+0.191); 2 A Ak 2 2 M — 52 TR 471 ) J RO, 11 B 3
A7 (=0.301) (& 3b). [FlUt, 135 pH 5 T35 HE
IR RS AN £ S H &R, 3l
AEWENE S IR R R AR RIS R .

Ht— 5@ Mantel K56, X4 € AR RIS TR
E MR BRI BT 5 R & s P AT A BT . S5 R
KW, SR RS ES LEMAESAES NG
TERFE M RMEE 4) . 4R -F1 H A (AD) 5iE itk
AHER(DOC) 2 B2 §5HH (- < 0.2, P<0.05); LU
K(SRL) 5 +3% pH 2T E 5 IEAK 0.2 <r<04,
P<0.01), 375 NAG + LAP. DOC K f5 % (AP) &
WP IESE(r < 0.2, P<0.01); IRARE 5 H X
AN 2R E 5 IEA 2 (0.2 <r< 0.4, P<0.01),
H 5 pH. MAEY AW 2% (MBND. NAG + LAP &
DOC B EHEF MK (r<0.2, P<0.0D).
3 3t gin
3.1 FHEER S ER LA EAR BRI E R E
¥z

FR B T 3 A ) A W (MBC MBND % i 1
SEWRENFR G AL OB ER, H BN AR 10 I
TIEUASHER D RRED. WiESRa T,
A 2 D RETAE VDR SRR 1 5 U AR A I 5 R AT
T 0 3R 43 BRI CO . B DR B A B F I 5K,
AR TR AR B A A 8 T R % A R B IR A )
B V& HWOE F7 7 e A AR G B v& 1, T 2 1 E e
YIRS IR AR . AR TS5 SRR B, Bk A A B R

b
1.0

0.8}
0.6
=04

MO;I_I H|—| []
L

-0.2

PIEE =0.67

-0.4

5& 6@@ ¢ @W@ & ﬁr
2% B
FUIE G

A\

PLS-PM &I R TR RS . pH (. UMY . IR 438 n] RS il e AR RIB 0 32558
%o HP R ZEABOE AR, ORI s bR EA4E (AD) o HRIE (SRL) | M43%k (RT) 34 BARRIATE . J0Lk
Sk AT KA AR IE M AN 5200 o 355k ML AN R RAR DGR R BREE , 2R VB FRR i R AL
B3 e/ IR H AR (PLS-PM) 48 4307 K 4% [H 5 3N
Fig. 3  Path analysis of partial least squares path model (PLS-PM) and total standardized effects of each factor
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pH
MBC| | |
MBN| [ | .
BG| [ . . SRL
NAG + LAP . O o[
CEEEL] E
voc| (][ m |« [0 || v
SR e
SRR || =S
= Q Z ) ~ [ @) Z. -9
"2 EE i3
0
z
Mantel’s |7| = <(.2 = (0.2~04 Pearson’s [ -
-025 0 025
Mantel’s p = <0.01 0.01 ~0.05 = 0.05

pH. MBC. MBN, BG, NAG + LAP, ALP, DOC, AN, AP/#I3R TR . kWLt Witk

R

A EYHER . B-

i
&

SERMREIENTES B-N-C S Bl L SRR . A PLeR . AR ARk

4 WMABESLIEMAESIHSFK Mantel 165658 HAEH

Fig. 4 Mantel test interactions between root morphology and soil microenvironmental factors

AP R SR T 2 FREEARMR PRI MBC. MBN & &
J BG EgiEPE (R 1. 2); MR A A BN # ] 7 MBC
5 BG 3G, HiZ#EH7E AMF SR 58 fh kb 3
TRI—F. X—IRAT AR T A F w4 5N
WHL R B 5y BC SRS (1 FE AR . TE AR EE R, S
PGty o) i) I il N R 7 S SR ek /0
AR Bt N (O B U CA AR 28 23 WA 0D 2 A B sk b, i A
YRR B S AR SR T A B AL 1k
R, 3T HE = MBC K7 & BG & . 52
FH I, TRAR AL BR8] 55 4 22 (R A AR 0K B8 22 ik
Y0 ZE T AR R A R DA EUA: A7 7 B] AT
PP MRS “BRBAR UL, A S kb4 I A
K TR, A 2% 2 Rk L b e OB, i
V) 5 4 0 R T RE A6 B 1R = SR AT IRD TRl AT
FRBRBEI “F AR o X Rk R Y ] RE
TR RN PO, (2 T 45 AR 3 AR )k L
T, FBOIEWEDER RZIR . ZIR SR
BEHER T MBC:MBN 45 SR AHIFRY, 5 MBC:MBN
E B A MR YRR M H W R GR CINDEE
ARET, X A A ) B AR R ik ) B 2R AN AR ) A
BROR, B R R T IR AR AR T B A A R A B A
MR R, [T M ATE IR Z R 55 S R g,
Mo S ORI B B AR F A 2 A B R B A P I 3 S AL
il FLARBEAR BRI E/E M AMF J5 MBC:MBN Lt
HR 2 T REGR 1, 30 B AR i R 5 1 P
AR BB AT, FEAIS T R A 0T 3 R LK

i, FE ARSI T UK AR B (NAG + LAP)E P
(£ 2.

TR 8 Ak B 3 s A1 3 R o ) 9% 4 ELAD, ﬂ%ﬁﬁ
T A MR (AND S ¥ i A LK (DOC)
(% 3), MIMEIS T A=Y s & 584 % 71, B%
K7 A EmEE D, X — KSR
oy HANEAR A B G s 22 RR S AE v A AL T T )
I RS AR R WA NI 2 R, B 3R A B R K
2, JD B — WP R E 7R 4 (0 BETH R, B AR
AR A R, (A R 2, BERl AMF
BE—20 0] T R VRAR A R (AR B A 55 1 3 5
TEVRFRAR R, AMF 0 235 1 7 3R ib A2
(pH F#{I% 0.40 NFAAL, £ 3), BiE THMEE . AR
B E AR R AR B T E SRR R, AMF U 32 2
TEHE T G5 28 5 iR B U (AP 1) & 48 CRUR AR
i 68.9%), S B VI A R R I . 25 b, IRERAL
5 AMF R0 0BG N e A iﬁﬁbiﬁ*&ﬁﬁ%ﬁi
Vi—L SR IE] R R0 FE 3, R ARk Boa 5 77, e
RS RGBS S H AR R @A T EE
M.
3.2 REFESFE MR BRI 5 5 B0 L5 Bg

R 2R P4 B 42 (AD). HE AR K (SRL) K AR 22 4
(RT)ZETEAS S HOE A P I 57 o M B2 IR P 85 1) B 22
TR PER, Sl 7 BE I8 SR 2 e 48 1% SR 0,
AL A Tok 1) R 2 5 A R MEIR R B 0 S5 e AR
A TR IR AR, AT 7E T e mT 9 4 5 BRI I
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ETE A R A 2 S R I RO AR B T B2 5 AR TR 25 R 5 9

Z LA AR A KRR ABF AR I, AR
5 AMF MO iR RS~ A T B E N IENER .
FEFARACIE R, 50 AMF BN TR R T ER,
HAH T AR K SRR IEE (B 2), X — 45 1R,
PR AR S A S AR B W AR 4 I, % e o 2 R
TAHRA R 22T B T 2, SR T AR 2 T S s 1
B, BRIV I SR TR M R IR B 22 5 R T AR
$ETE, AR TR S SR IR,y b 1 % e %5 4
AR A ) B b R ARG o A R, TEVRAR AL BT, #p
AMF S| 7P EAR R SE I, 508 Z 52Tt 7R
He (B 200, TR T B3 S [R] B 5 2 25 55 4 R R
MR AR REFAE

i £ 71> — T I 4% 15 AL (PLS-PMD 43 H7 i3k — 25 4
IR, IEEE R PR CEAN + 0.894) 5 13 pHOE 3%
J82 +0.548) /2 YA M R TE A RHIE 1A% 0 R 7 (& 3D
Mantel £ %6 45 RIMEE T X — BH KR IRK S
pH. NAG + LAP. DOC K AP 2 ) & 3 1E#H 5%, 1
R ¥ 5 AN. pH. MBN & NAG + LAP 25§85 45 &
W 55 35 IEAR R (] 4D 5 k[RI, RBRAR & PR A
A b5 DR T P 2 1) 38 T 5 TR A O I 4 44
BT W E AR R, SRR DK S 3% 4 FH 5 5 R 58T
REVR . BBt el WL, o S I T 7R A
sl 1 i 1 T 2 0 A R AR 80, BB KB AR R 4
FH LA s RORE =) 0 & R K97 43 s T Hefh AMF JUJid i
LR T BRAL « SR U M REVR S5 S D Re, ()RR
T R B AR 77 2 SREU& AR, Rk gh R
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VAL ZR A 7Y DLIE A PR PR B AR A R A o

4 % P

AR A AR A . AMF $R0 HR PR A 15
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MR, AR5 AMF il & AR br 1 1 il
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IR LEAR, KB 43 T % [ 2L 03 A 2 5 VR SR e P I e ik
R AR G M, 5 RARARIG T, $R T TR IR R
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A5 Q5 B ol A 38D 3@ Jo B2 T A B AE G Bl
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