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BTy 4 e fi R4S B AL 22 A SR . DAZS IS IR DX A BB R AR TR PR ZEHER 75 AT AR A2 LLAA B 5 BRI ST MRk 2 4
AR IR AT AR TR VR E 1Y 3 (0—60 em) g WFSE3T 4, AA 3B BHAL A FAR T A9 2 R R K 948 1k (2010—2022 4F ) , 355
G DX S o AR RIS 200 1) - S R 5 00, T PR URRA: 23 W7 45 45 4 D AR AR | 388 7 = S B £ PR 190 R R 5 R EL ot - e gt B 1)
FMERAR . SRR (1) NFERMSAN - BEE MR 25 M EREE 2013—2019 4F 18] 2 3 H B S0 ka3 78 2022 47 23
LTS YA AR MR S ARG 1 e g L B B 7E 2022 4R B3 T R, SR LA BE T AR TR AS AR 1 HE RS AR AL 2019 AR TR L 7E
2022 A fT BT 5 AR A R AL TR 43 () A AR 2 B0 B = 234 s ik, (2) BRIMARARSE , oAb ZR AR T 1
Margalef & FEFEEE AR JZ 5 T H AR ; 78 2013—2019 4F-# A JZ () Shannon-Wiener ZHEE 850 T B AZ  {H1E 2022 4EHAR
BERETHARZE. (3) H MR MR 3R 7E A PrAR b b & TR SE XN A R ARSI 2 7SR AR AR S B v | B35 2 1
W, HHEE RIS ECE TR E, (4) WY 2Rl i s A VR A, XAy S A s, R B YT R ST HEARN
BRAZAR AN AR AR AR 4 22 P B el T S ) - R A UL 5, 0 7 X - S e 2 7= A 52 W 5 7 5 R ARORII A L s 0 D AR
TRASHR R B AB ) 22 M 32 58 i E R R b2 B, RIS ) AR S AR IR AZ AR LLMIR AS AR Th MR T i 2 R
Xof 2R R R AR AR AR
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Analysis of soil health variation characteristics and driving factors in different

forest types of the Qinling Mountains
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1 College of Forestry, Northwest Agriculture and Forestry University, Yangling 712100, China
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Abstract: Soil health is a fundamental determinant of forest ecosystem stability and long-term sustainability. Understanding
its spatiotemporal dynamics and underlying drivers across various forest types is essential for developing adaptive soil
management strategies. In this study, we examined six representative forest types in the Huoditang area of the Qinling
Mountains : Quercus aliena var. acuteserrata forest, Pinus tabuliformis forest, Betula albosinensis forest, Picea wilsonii
forest, Pinus armandi-Quercus aliena var. acuteserrata mixed forest, and Tsuga chinensis-Pinus armandi mixed forest. Soil
samples were collected from four depth intervals (0—60 c¢m) , and long-term trends in soil physicochemical properties and
understory plant diversity from 2010 to 2022 were analyzed. We calculated the Forest Soil Health Index (FSHI) for each
forest type and applied sensitivity analysis combined with structural equation modeling ( SEM ) to quantify the
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responsiveness of key soil variables and to elucidate direct and indirect pathways affecting soil health. Results indicated
pronounced temporal and vertical variation in soil properties. (1) Across all forest types, soil organic matter, total nitrogen ,
and total phosphorus showed a fluctuating decline between 2013 and 2019, followed by a marked increase in 2022. Alkali-
hydrolyzable nitrogen exhibited divergent patterns: a significant decrease in the T. chinensis-P. armandi mixed forest in
2022 and a temporary decline in 2019 with subsequent recovery in the P. armandi-Q. aliena var. acuteserrata mixed forest.
Both total and available nutrient contents consistently declined with increasing soil depth. (2) Plant diversity patterns
revealed that, except in P. tabuliformis stands, the shrub layer exhibited a higher Margalef richness index than the
herbaceous layer across most forest types. From 2013 to 2019, the Shannon-Wiener diversity index was higher in the shrub
layer, whereas by 2022, herbaceous layer diversity surpassed that of shrubs, suggesting a structural shift in understory
vegetation. (3) Among the six forest types, P. wilsonii and B. albosinensis forests demonstrated relatively higher and more
stable FSHI values across years. Depth-wise, all forests exhibited a progressive decline in soil health with increasing depth.
(4) SEM revealed that understory plant diversity influenced soil health through multiple pathways. In Q. aliena var.
acuteserrata, B. albosinensis, and T. chinensis-P. armandi forests, diversity primarily enhanced soil health by directly
improving soil physical attributes. Conversely, in P. wilsonii and P. armandi-Q. aliena var. acuteserrata mixed forests,
diversity affected soil health mainly by altering chemical properties. Additionally, in T. chinensis-P. armandi forests, an

indirect effect mediated via chemical properties was also detected.

Key Words: Qinling Mountains; plant diversity; soil physicochemical properties; soil health; structural equation modeling

AR AR T TMOll T Rp 2 A S PR I AT 4 AN AR bR L M A 14 M 1
JE AT AN [RIbR 73O i S Sl 28 W 9108 BAT 12 W (6L A9 b SR B AR AR 55 A 45 MR REIR DL, 2171
DG - A B AR BERL A . Arshad SFE S BESEC , AR BEPE O 15 45 B 2 T I, O BE S e £
(M AEASTIRE" s A 2 A PP 46 r N 12 PR B 1 e AR e R AR LB TN TG L5 5 %R
PO AR RO X G LA RORURE S VR 2 T T R A 2 TR B 0 A 52 e i — A A ELARE B Al AR
W AEFEF VO, HOT MR A G T I T AR A TS R I RE S S5 1Y B
Niemeyer il Brockett S FMFFE W], FA -3 500k -+ HE D BE A9 R85 22 AL [RI R ARURE, 7 2 R R AE S R GE 57
SIRVEF Iy R FEE AR L i T AR AL R A M, B R OC TR TR AR ) b A DA
TEVR AT GE— BRI, [ , ATE ROBIFSE 32 2 OCTE SR AR 0 AT SEVEFIA ROHE | 800 PR LU, OF Bk = 130
14 E O M I

PR T IR AR N O IR R IR G R ARG TR A0 Uy s R s R R
XS U PPAR AL 45 B T RROR I BE D | S RV A 14 7 i H 2 Sk, 0 S g LA A
TR ML LU BEALARAR ' A5 DAL TR T T BTN R AR E] (0] AT, B LR AT R SR
BLA, i AR AR R BRFE 2 (Forest soil health index, FSHI) 8 1 X P $E 45 EAT A Z5 45 FRAE 4 SR AR B
(¥ R, 5 7T LA 38 W R T R 2 o o T 5 DG TR (R HAR A 53 4, S A ARy T L e v,
B2 AR B FE N BN TR A 0 55 S M 2R PR DG R BB NS B 4 T 110 487 f5k 5 R 5 i PR - o
P DX AR AT ) R SRR R

A RIS Z PR ZR IR S B [ AR MRS TR A R L R o, Feh B AR A X S 6 T 2R 0%
R KRR DX, R AR 2o R 2 5, R AT R S O BAR DX 2 L iR 32 DX AR [
ARSI (1Y - A R A 5l 2 A ) AF PR AR 23 M, JEJHE R 52 W0 b it B 1 9K Sl L 1 475 98 AS 3 B
e BT FEAEZR W K HBIEAR X BE U T /SRl SR ZR ARSI, 73 517 2013 4F 2019 41 2022 AF AT i il A £
(1) B/ PRSI 1) - EBRALRFAE MUK A 2R 98 A 5 (2) ST FSHI X B B bk - AR RRE DA i
PREEATHROGTHAR. , BB /SRl SR R AR T f) SRR DL 5 (3) SR AR 22 M St 28 K00SR4 7 i
JEPEIIHT ; (4) K5 R U TS5 S A Z R AR AR AT BR AR AT, M S A T RS, e Ak T AR 2R S
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T SEBRACRRE ] A3E AR, P s S AR AR LR R A UK S AL o ASHTTE B T T BRI 7S ol i R R bR T - 3
RIS AL, Fa7s TR0 IR ARG TN ER  ORA B T8 o R e 38 AR SRR A AR, DA v DA 2%
AR HAR R PR ety A ARbK - g B A, TRt o e A AR 8 A PR L P A Al

1 HAREHR

WFFEIX AL T RRPY A T B EL I Y Y Z2 e MBI AR X (33°25'—33°29'N, 108°25'—108°30'E ) , 4K 800—
2500 m 3B 20°—50° AT 8—10C , AFHI K & 900—1200 mm , IR 77.1% . ARIX 43 T 2R AR
e A 2N 20 42 60,70 AFAR 3 ARG PR B R M JSAR U A AR | 2B AR R < B R ( Quercus aliena
var. acuteserrata) ZILME ( Betula albosinensis) i #5 ( Pinus tabuliformis) 8k A2 ( Tsuga chinensis) %€ 115 ( Pinus
armandi) . K% ( Picea asperata) \FLILIEKZ (Abies fargesii) 55 ,

2 WRAE

2.1 MM E

2013 4F  TEZAR IR BRAR THIFABR  ZEHERR T3 T AR A2 LA B8 14 AR TR SS AR T4 LU P ERAZ TR ZS R A
RFFERT G EFEHIE AR 588 MRARARXS B 5 B — e R R B A e HE L, TR AR AR R &
320 mx20 m WY [EEREHL, 2R 18 B, R AR SRR RPN 4 R 2 mx2 m BYPEARKE 5 AT mx
1 m BEAEE )T HERRE 745 90 A REHBIL AN L2 1,

R1 HHERGR

Table 1 Basic characteristics of the three sampling plots

TR g MoT i
FRARIE Altitude/m Slope/ (°) Density/ ( #k/hm?) Age/a
Forest type
I I I I I I I I m 1 I I
B HRAR RCL 1673 1721 1758 18 20 23 1589 1486 1575 50 55 50
THRARK YS 1497 1548 1577 21 25 20 1548 1685 1576 55 50 55
LI HERR HH 2032 2051 2131 14 20 25 1645 1785 1652 45 42 48
HHHE QQ 1980 2003 2020 10 12 15 986 1058 978 75 68 72
BRAZ A ILANE RS HR 1743 1763 1784 33 29 28 950 1075 850 52 55 52
RN IA BRI ZCAR TH 1847 1863 1897 30 40 37 1458 1281 1588 60 65 55

I I IR A AR R i =N EERB SR 5 RCL BLUTARAK Q. aliena var. acuteserrata forest; YS : MK P. tabulaeformis forest; HH ; ZLHEM
B. albosinensis forest; QQ: F ¥ MK Picea wilsonii forest; TH: Bk A2 42 1L AN IR ZE MK T. chinensis-P. armandi mixed forest; HR ; & [LI #8815 45 1R 38 bk

P. armandi-Q. aliena var. acuteserrata mixed forests

2.2 LR R S I E

2013 4 6 2019 4F 6 I H1 2022 45 6 7 53 517 4 HAT i P A9 DU A A0 e 1 4% B — A B i, A
100 cm’® FYFRTI 432K 4 0—10 em  10—20 em 20—40 cm 1 40—60 em + )7 +4F, —Ho0HE 5 FHER TT k00
L 475 T (Soil bulk density,SBD) , 53— &R E A H B HUAN 1 2R G, S5 5 S AR [l 92 6 2 ) 5 H
Tl BRA T

5 FH B 2 2 3R & 8 pH 3T ( Mettler Toledo , Switzerland ) M 5€ +3% pH ( 1 LL 1:2.5) ;5%
FH B IR AR A AL T 5 4 HILITE (Soil organic matter, SOM ) 5 HoAh {2 B0 i Jr 155 % 4 B+ ety
M2 o7 i, SR LB E AL I 72 45 &L (Soil total nitrogen, TN ) 3 5% FH B8 fif 9 Hi 1 I <& Bl f# (0 ( Alkali
hydrolyzed nitrogen, AHN ) 5 5k HI 40 % Bt Hb €2 35 I %2 4= % ( Soil total phosphorus, TP ) Fl 4 2L % ( Available
phosphorus , AP) ; 2R FH KA BE 110 72 3508 ( Available potassium , AK) 5 2R FH 20 R 81 - KO 6 B8 15 0 5 BH 25 -+
A1 (Cation exchange capacity, CEC)
2.3 AR HEYIZREE IR T

DSEFC KA DR RE RS ST 2B R, IR Margalef & JZ 45 %0 ( MAR) | Shannon-

http ; //www.ecologica.cn



948 xR 46

Wiener 8% ( SHA) F1 Pielou 5] FEF8 40 ( PIE ) A8 /R AN R BRAMEFIM AW Z K 1R AR T .

MAR=(S-1)/InN (1)
SHA = ) P,InP, (2)
PIE = Y PInP/In (3)

K, S HWFECE N R R B S AR, Pi RS | R ANASE BT RS AR T 4 L
2.4 BRI 5rHr
2.4.1  FRMRE AN ik

ARG HE AR PR AL A BT A | DX sl R e B O R Bk T 35 O IR 5 AR, DA R R 04
JERRIX T 380 1 AR ST, 25 24 L0 ZRAR - 8RR 1 | 38y B8 DA Kol A =2 50 1) B4, S 08
M KHBIEAR X S TR AR L R (R TR A &, B E . 128 (SBD) JBhkL pH A LI (SOM) | & A
(TN) Bif# A (AHN) 25 (TP) AR (AP) S (AK) FIBH S ¥ 84kt (CEC) . A RIRABIREANLAGE
— 3K — ] AHIE S (i P SR B pR BOH B R P AR e 0 0 — 1k 0—1 Z IR EE ™ MR AR A TR AR T
- SRR A4 ST, ol P — R PR A SR R pR AR SSFL i I R PR AR B 2 BT (4) (SSF2 BRIE PR B AL (5)
1 SSF3 8 R pR A /Dbl (6) 1 AR .

1.0 x=U

f(x)=40.140.9(x-L) (U-L) U<x<L (4)
0.1 x<L
0.1 x<L,x=U
1.0+0.9(x-L) (B,-L) L<x<B,

TE=010 B, <x<B, ()
1.0-0.9(x-B,) (U-B,) L<x<U
0.1 x=U

f(x)=430.1+0.9(x-L) (U-L) L<x<U (6)
1.0 x<L

AP x HSHEFRIEE; U 0 BB L AR IR B, BARIEMEA ; B, B HEiE(E

AR AR B RIFTE , AR AR A B A R B ol 1 < A 2 e 0SSR e 2 | R A A BLIST &
B AW AR E R S S s pH AR R I S R S B i
0 SHE TR RE, R h B A AR R A R L LB A a4

PR R bR AR R SRR R AN T 1) — S, ARS8 AN 5C 2R UM B E A PP R b A

TEXHIA AR ARHEA T — AL RUINALUS , 27 L3Rt O R Sl A 25 1 T B bR L e R 4R
B, HHEAXCE.

FSHI_Z(K)C i=1,2,- (7)

A, FSHI A R - 3 B 45 50 ( Forest soil health index) ; C, b4 P 8 b1 10 & BE(EL, & MR/ T #&3F
WAEFRIES s K R A | DTER AR PR IR , B R T 45 F5 05 10 B2 s n JE P FE AR 88,
242 SRR 27k

FFA BRAE Excel 2013 SEEAT AN, Bl 76 SPSS 26.0 Bk rf | SR =075 22 701 (ANOVA ) Fl#7 52 12
251 (DUNCAN) Z3 Hr 7S P AR AR S BRUAE AR [R) 4543 B A AR i 00 22 P FTOAS () 4 )22 v - S B A T 1 B 3 22
5o BB Origin 2023 RAFTERL, 765 TR bt bk -+ e FEs2 m AL W58 43 Br vz B SPSS 26.0
BAFHEAT AR DAL A3 BT FBURRAE 3BT | B T8 127 X0 5000 A8 S Pk R 0 23 B o, 4% 52 il 80P - 938 fdt B 1) + S 3L Ak
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SR BBUBPERRVE RN 43 - SRR G, (AR 22 >5 5F CV>100%) | 1 SRS (FHXT L 25> 2 88 50% < CV <
100% ) UG (FAXT R 22> 1 5% 10% < CV<50% ) FN55 80U (FAXI I 22 <1 5 CV<10%) , WA SO 4y
Brid g 8, 64T R AT FE AR 5087, 55 A Smart PLS #7454 Jy FRAR AR

3 ZBREHSW

3.1 AS[EFRAREA B ALRRAE

FNFHERAR IS ) 1 458 pH 25 F R R ZE R [ B B b B R 3% 22 53 (P<0.05) |, [l — ZRAR R AL/ AN ]
A ANFIRREE AR (B 1) o ANFRARMISAL ) - 58 pH Bk R R PE s i, Jf HIR)Z 15 pH {4
SR ERTRZARZE L5, SRR LIS F AR 2013 4F 2 2019 4E[H E I A #2019 &
2022 4F[E A TN, IR AR 2013 & 2019 AR I T RS HFE 2019 2 2022 4F 8] BRHAARLL
A HA A BRI G i 1 Fh, 7EAS TR0 A J2 (8], /X Fh AR AR (1 25 5 RN R A7 7 B 35 25 57 (P<
0.05) , BRIHFAMA , Hofth FFR ZRARIS T (4 + 398 25 T WG 25 - B8 B A 338 i BT 388 0 5 o £ 42 0 it 2 4 1B I
ERIOEINTTRN N

INFIERARIS T () Al 25 P SR AE AR PRAS AL AU R) 4 2 [ 30 A7 7 B 22 5% (P<0.05) . HIEA PR . 2R
FIABEAE 2013 2 2019 A ]34 2 30 D shslt /D i Fa 34 B -+ )2 NER , = Fh 58 485057 43 3 s i i 3
AR S R RIS A LT AL ;2022 45 7S PP AR RIS B 1) R IE SRR 2013 4R 2019 4R 3E (K
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FRARIA Forest stand types
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Fig.1 The changes of soil pH, bulk density and clay in different forest types
RCL . i i #R Ak Q. aliena var. acuteserrata forest; YS: MFAR P tabulaeformis forest; HH; 2T HEHK B. albosinensis forest; QQ: F AR P. wilsonii

fbrest;HR;@M*’A%ﬁﬁﬂ?EfE% P. armandi-Q. aliena var. acuteserrata mixed forests; TH ERIZAB I PNIRASHK T, chinensis-P. armandi mixed forest
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Fig.2 The changes of soil organic matter, soil total phosphorus, soil total nitrogen, available phosphorus, available potassium, alkali
hydrolyzed nitrogen and cation exchange capacity in different forest types

3.2 AFEZRMIERIA Y Z R 2E 5
INFRERMCE LA T AR ) 2 FEVE TR BO% 0 35 (P<0.05) o BRIMAR SN, oAk AR AR MRE T A Margalef
FE AR BN I R AR R T RO 5 2013—2019 AFE[] S FR AR ALY Shannon-Wiener Z2FEEE 4L
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SRR EAR)Z BT EARZ  (BAE 2019—2022 4E[0] , iZ 8 5B R R B SR Z 5 TREARJZ B T 2013 4458
WHRARFD 2022 2R ILAE LA TR ASARLLAE  HAx PUFP R TL Y Pielou $475] BEH8 5UHE 2013—2022 4F [] 15 52 B0
HERES TEARZ(KI),
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Fig.3 Understory plant diversity indices across different forest types
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Fig.4 The changes of soil health indexes of different forest types
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BB R RS, 75 0—10 em )2 BREMEMKLIAT , Ho Ay TR FR AR TR () - 3 fe Rl 5 SR AR Bl 2022
AP T HAB P, 5 FFAR AR LA B BRI S RN R AZ AR LA TR SRR B 8 5507 2019 4F B B AT
2013 4%, #£ 10—20 cm ,20—40 cm F1 40—60 cm )2, BRETMERSN | FH A BRAR S Y (1% 4 498 (32 48 £ AR fb #a
PAARE 0—10 em T EHLL,

F2 HFHIEREITFNERNOBEENRRESBERURIERNE
Table 2 Threshold and membership function types and index weights of forest soil health evaluation indexes

IRERECER ER(U) TFRR(L)  BAREEME(B,) BREEHE(B,)

}fjﬁzﬁ?& <oil health assessment Membership Upper Lower Lower baseline Higher baseline Iniiiﬂ—\:iits
function types limit (U) limit (L) value (B,) value (B,)
pH SSF2 7.68 5.10 6.07 6.08 0.033
FHLI Soil organic matter SSF1 88.37 3.97 0.144
42A Total nitrogen SSF1 4.60 0.27 0.146
A 0 Alkali hydrolyzed nitrogen SSF1 298.28 32.36 0.149
2T Total phosphorus SSF1 1.03 0.11 0.119
F %W Available phosphorus SSF1 7.61 0.45 0.070
HALHR Available potassium SSF1 277.29 24.70 0.099
BH S F 554t Cation exchange capacity SSF1 255.66 27.34 0.088
L HEZE T Soil bulk density SSK3 1.80 0.66 0.086
Zhki Clay SSF2 4.52 0.30 2.17 2.19 0.068

3.4 AR A A R A4 UK N R oA

ST HUBHE TSR (38 3) |, FIE BN FIZLMEBAT = U b, BT ATE S5 SE R AR oMb i 1 vk
BUEIRAR . TEBLHRAR AR A AR TS B BT 35 A AR TS 0, AR fL A R B 0.714(P<
0.001) , 3 i B e R M) - e B o, HE TSN L SJEAE B (151 5) o FEZIAEARAR AR R 2 B A - ey B
AT B 2 A SRR BRI AR R BN -0.525(P<0.05) o 7ERR LR B A BRIR PRI AR AL Z A1
D) 30 Ao X6 S A S P 94 T TR W), A TS0 1) i AR RIS TR 11 - AR | A2 R HEh 0.475 (P<0.05) 1T
TERRAZ A2 AR TR SR, MR AL 2 RE R R T M0 - S 0 B A 8 25 10 T 52 ), (A2 R A - 0.796 (P <
0.001) , X H- e 2V o oAy W 3% (R TR 2 W), AR R BN 0.643(P<0.001) o AN, FEANRI BRI R | 48
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Table 3 Sensitivity level of soil physicochemical indexes of six forest types

TR ( Sensitivity level )

AR : — : :
Forest types SR AURR 1w FURR rh fURR 55Uk
Extremely sensitive Highly sensitive Moderately sensitive Weakly sensitive
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3 \ Q N N N N N
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SBD ,Clay ,SOM TN, AHN
STHEN HH .Clay SOM TN AHN "
T HERK TP AP \AK .CEC P
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#H lay  AK P AT H
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A6 1 LA B G BRI 22 TP, TP AP AK.CEC p
N SBD ,Clay ,SOM TN AHN
PAZAEILRAR A TH AP AK » pH

TP AP AK CEC
SBD: 1+ 3 X 5 Soil bulk density ; Clay ; Zh L ; SOM . A LR Soil organic matter; TN ; 4 A Soil total nitrogen; AHN; e i A Alkali hydrolyzed
nitrogen; TP 4 Soil total phosphorus; AP; # 2L B Available phosphorus; AK; 3# ZZ # Available potassium; CEC: FH B F 28 # & Cation
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Fig.5 The influence mechanism of soil physicochemical properties and the diversity of understory vegetation on soil health
SBD; +3EATE Soil bulk density; Clay ;: Fiki Clay; SOM; 3EA47 WL Soil organic matter; TN ; 2% Total nitrogen; AHN Bz % Alkali hydrolyzed
nitrogen; TP ;4x## Total phosphorus; AP 4% Available phosphorus; AK; HZL#H Available potassium; CEC; B T 22 #e 4t Cation exchange
capacity ; GM; J# K Margalef 3= 5 54k Margalef richness index of shrubs; GS: # A Shannon-Wiener ZAEMEHE%L Shannon-Wiener diversity index
of shrubs; GP . ¥ K Pielou 5] 5% Pielou evenness index of shrubs; * P<0.05, * % P<0.01, ** % P<0.001
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