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Abstract: [ Objective | Cunninghamia lanceolata is a significant timber species in subtropical China with a long cultivation
history. However, persistent monoculture management has triggered multiple ecological issues, including soil nutrient depletion,
biodiversity loss, and declining forest productivity. To enhance ecological functions and economic returns while achieving
sustainable development of Cunninghamia lanceolata plantations, precious tree species were introduced through interplanting and
their effects on soil chemical properties and microbial communities were investigated.[ Method ]Soil samples were collected from
pure Cunninghamia lanceolata plantations (PC) and four mixed forests: Taxus wallichiana-C. lanceolata (MTC), Ormosia
hosiei-C. lanceolata (MOC), Phoebe chekiangensis-C. lanceolata (MPC), and Houpoea officinalis-C. lanceolata (MHC) in
Qingyuan Forest Farm, Zhejiang Province. Soil chemical properties were analyzed via standard protocols. Microbial community
composition was characterized using 16S rRNA and internal transcribed spacer (ITS) high-throughput sequencing, while
co-occurrence network analysis and partial least squares path modeling (PLS-PM) were employed to decipher microbial
interactions and functional linkages. [ Result ] (1) Interplanting significantly improved soil chemical properties. The MPC
treatment increased soil pH by 11.2% (P<0.05), while the MTC treatment elevated soil organic carbon (SOC) content to
31.8 g’kg™, a 26.2% increase compared to PC (P<0.05). The MOC treatment significantly boosted available phosphorus (AP)
content by 3.96 times relative to PC (P<0.01). (2) The bacterial co-occurrence networks in mixed forests exhibited increased
nodes, edges, and path lengths. Significant differences (P<0.05) were observed in degree centrality, closeness centrality, and
eigenvector centrality among the treatments. Notably, the MTC treatment resulted in the highest degree centrality and eigenvector
centrality within the soil bacterial co-occurrence network, indicating the formation of a more efficient and stable bacterial
community structure. (3) Functional gene analysis revealed distinct metabolic pathways: PC treatment was dominated by nitrogen
respiration and nitrogen fixation functions, whereas MTC and MPC treatments activated xylanoly and nitrate reduction functions,
respectively. (4) PLS-PM demonstrated that soil chemical properties indirectly influenced the expression of carbon and nitrogen
cycling genes by regulating key microbial taxa, such as those within the Actinobacteria phylum. [ Conclusion ] Interplanting
valuable tree species significantly enhances the stability of Cunninghamia lanceolata forest ecosystems by optimizing soil
physicochemical properties and strengthening the complexity and functional redundancy of microbial networks. The
improvements in soil chemistry (pH, SOC, AP), the formation of more complex and stable bacterial co-occurrence networks
(particularly under MTC), and the shift towards specific functional genes(carbon decomposition, nitrate reduction)collectively
underpin this increased ecosystem resilience. Based on the superior performance in fostering stable microbial structures and
activating beneficial functional genes, the Taxus wallichiana-C. lanceolata mixed model (MTC) is prioritized for future
promotion in southern China. Supplementing this with interplanting Phoebe chekiangensis is recommended to synergistically
optimize overall soil quality.

Key words: Cunninghamia lanceolata; Mixed planting; Soil microbial community; Soil functionality; Ecosystem stability; Taxus
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Table 1 Soil chemical properties of Cunninghamia lanceolata-rare tree species mixed forests

43 soc/ ™/ AP/ AK/ AN/ NO,-N/ NH,-N/
Treatment ot (gkg") (gkeg") (mgkg!) (mgkg™!) (mgkg!) (mgkg™") (mgkg™)
MTC 4.384+0.17ab 31.8+0.16a 0.93+0.23a 1.534£0.12bc 180.334+24.44a 85.17+£19.90a 4.50+2.31a 15.9243.94ab
MOC 4.11+0.05b 23.1+0.25b 0.93+0.13a 3.17+0.36a 84.67+24.11c  84.00+9.26a 3.11+1.58a 18.184+2.02ab
MPC 4.56+0.25a 19.6+0.07¢c 0.93+0.20a 2.76£1.66ab 193.75+46.28a 81.67+11.25a 4.56+1.93a 20.16+2.46a
MHC 4.22+0.17b 25.0+0.17b 0.95+0.11a 0.88+0.49¢  105.33+16.50bc 85.17+2.02a 1.83+0.97a 14.62+2.31ab
PC 4.10+0.04b 25.2+0.01b 1.06+0.12a 0.80+0.36¢c  145.00+35.16ab 89.83+8.81a 4.194+0.93a 13.99+3.25b

HE: SOC, HIEAH; TN, &% AP, AAWE; AK, MHH; AN, WA NO-N, MAA; NH-N, &&%; MTC, ¥
TELGRZ- 2RI ZEM; MOC, LLGM-IZARIEACH; MPC, #IVLH-FZ AR, MHC, BEAM-ZARIRIEN; PC, AL, i h
FYHEARHEZE . S PR RNG F R R AN RIAL B A A B35 225 (P<0.05). T, Note: SOC, Soil organic carbon; TN,
Total nitrogen; AP, Available phosphorus; AK, Available potassium; AN, Alkali- -hydrolyzable nitrogen; NO;-N, Nitrate nitrogen;
NHZ-N, Ammonium nitrogen; MTC, Taxus wallichiana-C. lanceolata; MOC, Ormosia hosiei-C. lanceolata; MPC, Ormosia hosiei-C.
lanceolata; MHC, Houpoea officinalis-C. lanceolata; PC, Cunninghamia lanceolata plantations. Data are expressed as means + standard

deviation. Different letters in the same row indicate significant differences among treatments ( P<0.05) . The same below.

http://pedologica.issas.ac.cn



34

REE . B SRS AR S 2 5 K B A WA 1 R

959

HAb AL FR( P<0.05), H MPC &b B i 8% 25 % ( NH,-N )
ik 20.16 mgkg ', BFEET PC (P<0.05), A
AP A (TN), SR ( AN) & BE7EA A b2
(] 9 22 S R 3R B 2 AKOF-
22 EMXHIEREMEESHEENARNZI
AN TR] A B AT S5t A - S 2 TR RN L TR VR A
[ S O S =S R 3 8 W77 < = - 348 W A D
FR ¥T B ] ( Acidobacteriota, 30.4% ). A8 JE &[]
( Proteobacteria, 25.7% ). it B ]( Actinobacteriota,
14.3% ) MZEE ] ( Chloroflexota, 9.1% ) A3,
HREZ K] ( Dormibacterota, 3.2% ). =
ML 1] ( Gemmatimonadota, 3.0% ) FlYE i & 7]
( Verrucomicrobiota, 2.3% ) ( &l 1a ). F LTS 4L
PAF#EE ] ( Ascomycota, 63.8% ) FlHH F 5[]
( Basidiomycota, 17.0% ) N3, HKZHHE]

D100 s s —
— = — e
X . . .
3 75+
g
=
=]
=
=]
<
(]
Z 50F
=
[}
=4
4
#
x 25t
=
0
MTC  MOC MPC MHC PC
AbFR Treatment

B Sttt Other

4[] Bdellovibrionota
. A2 %] Armatimonadota
[ cspi3

K4rZHE 1] Unclassified
. A8 FT#1] Eremiobacterota

. ZEEANIE ] Gemmatimonadota

. P IL B B4 ] Methylomirabilota . WEHEAT B ] Desulfobacterota . i U571 Zoopagomycota

7745141 Planctomycetota | ZKFFH#TT Dormibacterota

B it Other

58% ) Ml K 4 2 H A
( Unclassified fungal, 2.9% ) (& 1b ).,

AL BRA] A Y o ZREPETE BN AR
#Z5 (&2, P>0.05), BRI Bray-curtis B 2§ X £ ik
P - 9 A0 TR R L TR R TR S R 25 S i PCoA 4 T
(K 2), fERIEAMERF D, MHC # PC (531 A
AT H A A PR B B R B Y R AR s i 14
FLEREE T, A5 b BRI 43 A0 VAR X R 43
2.3 EfR HEREY LMWL NG

5 TR 5 PR %) 200 T 1 B TN 245 %) 1 i B50RI 3 B
PC HA Frighn, i B M 4 1 B (K03),
UE Ak, 45 b 3R] D 2% H D R AR A TR B 2
(F 4), FRSERERY], RIS A Y3 A=
ik MBI, HIRISAR W22

(' Mortierellomycota ,

75+

50

25

FAXFEEE Relative abundance/%

MTC

MOC MPC MHC PC
AbFE Treatment

2k 1 E14)17] Nematoda

RI%Eh41 ] Platyhelminthes I A1 Chytridiomycota

. HEfKE T Verrucomicrobiota . BB Monoblepharomycota. £33 Chlorophyta

EFRMY)I] Monilophyta . £ EH[] Ciliophora
. E%& 1# 1 ] Mucoromycota

1] Arthropoda . FATEY)1] Annelida

. e #1] Patescibacteria
JEEER ] Firmicutes

. KT Bacterodota
HTE ] Thermoproteota

. Zh1# 1] Myxococcota

RA¥ZEET] Unclassified
. WA ] Mortierellomycota
. $H-F 1% Basidiomycota
. TR Ascomycota

4251 Chloroflexota
. Tk 1] Actinobacteriota
. R Proteobacteria
. AT 141 Acidobacteriota

. BRI Chordata

. %] Kickxellomycota

. FR2E 14171 Glomeromycota
PEFHE)I] Anthophyta

. HHEERIY] Bryophyta

BT RS (a). FE (b) BEELETTKF B AR £

Fig. 1 Relative abundance of soil bacterial (a) and fungal (b) communities at the phylum level
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Table 2 Soil microbial alpha diversity of Cunninghamia lanceolata-rare tree species mixed forests
fib 3

BC BF BSh BSi FC FF FSh FSi

Treatment

MTC  1607.55£606.86b 112.33£17.96a 9.74+0.36a 0.998 2+0.01a  830.67+48.13a 138.53+9.67a 6.83+0.12a 0.971 5+0.01a
MOC  1971.82+122.08ab 127.97+11.63a 9.894+0.17a  0.997 9+0.01abc 763.33+£109.69a 136.49+15.80a 6.73+0.36a 0.968 9+0.01a
MPC  2274.17+206.37a 134.63+12.82a 10.07+0.25a 0.998 1+0.0lab 679.33+86.84a 134.51£19.43a 6.46+0.47a 0.960 6+0.01a
MTC  2040.92+£102.49ab 129.62+4.42a  9.76+0.13a  0.997 4+0.01bc  766.00+117.58a 138.28+17.82a 6.69+0.61a 0.967 5+0.01a

PC 1 886.47+£70.51ab  120.70+10.88a 9.68+0.07a

0.997 4+0.01c

704.33+111.79a 128.06+18.25a 6.28+1.19a 0.931 4+0.07a

[E: BC, 474 Chaol F EAliitH; BF, MMRGKE ZHMEIEE: BSh, MATR-WM SIS BSI, MFFERLHE
PEFEEG FC, HIE Chaol EWEEAGTHE; FF, HE ARG AT ZHEILIEEG FSh, HEFER-BNZHEMLIEEG FSi, HEEEHRZHENE
¥8%4. Note: BC, bacterial Chaol richness estimate; BF, bacterial phylogenetic diversity index; BSh, bacterial Shannon-Wiener diversity

index; BSi, bacterial Simpson diversity index; FC, fungal Chaol richness estimate; FF, fungal phylogenetic diversity index; FSh, fungal

Shannon-Wiener diversity index; FSi, fungal Simpson diversity index.
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Fig.2 Principal coordinates analysis ( PCoA ) results of soil bacterial (a) and fungal (b) communities
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Fig. 3 Co-occurrence network patterns of communities of soil bacterial (a )

CC, tightness centrality; EC, eigenvector centrality. *, P<0.05; **, P<0.01; ***, P<0.001.
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Fig. 4 Network topological characteristics of soil bacterial (a) and fungal (b) communities
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Fig. 6 Total effect analysis of soil microbial multifunctionality based on partial least squares path modeling ( PLS-PM )
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