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Abstract: [Objective] Cunninghamia lanceolata is a significant timber species in subtropical China with a long
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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.
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AU, DMEBRPT LGN e s T 88 (AKD BL 1 mol-L* LR IR S — K IE e
b LIERAS A (NOs-N) FIEZAE (NHs-N) 22 mol-LIKCHERIEIR G, 43 AR 4184
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RIAERA AR (KEGG) #EATHIM. Ak, MHEFEIIGETE TR (FUNGuild) XM ITS 7
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i i SPSS 22 BRAFVRAY 34k M FRAVZED) o ZREVERIEZSTERUY 2550, R T RIRE Ty
Z0 T (One-way ANOVA) , XS H#:% (Duncan test) #ATZ HELEK (P<0.05) , KEIEZ @
KR 75 . f#H Origin 2022 B AF2: ] 7 320 o AN BB 1 1 40 Ll E B 2R L. i R B “psych”
SITAHOCEVEL, FREH R L “pheatmap” il HCHE . (A R KL “vegan” #3HAT 3 bR 4>
Hr (PCoA) , il% Bray-Curtis #15 % (Bray-Curtis dissimilarity) , A5 & 1B T34 Vv
Ve, FAEH “ggplot2” BAFEA R SETHE. T R AR “igraph” XPASIE HIEAE S H R R
[E) FET 0T B2 JR @A (Spearman correlation) #EAT 2047, HE5 B Gephi-0.10.1 # A #) g 35 41 B Al
BRI RSN 28 [ o FE L IER b, THELZH TR . S B A TR AR TEFR bR - IR 55 FE 0 1 (Degree centrality)
B PE (Closness centrality) ATRFAE [ & H.00PE (Eigenvector centrality) ,  FFARHE B Fh O PEAE G
KANATHER , i A . EE AR . fE, 18 SPSS 22 B B BV IR e MO
& s R R-IRFIIHE S (Kruskal-Wallis)  7EXTAFRHT 2355, A R #AEE “plspm” #%E
T fe /N R AR (PLS-PM) , AT % IRl 7-5¢ 38 2R A5 The 240 10 /B F % 4% 5 A 6 ok s 3 Origin
2022 BAELH RN, B AN R R 0 S s 4 B T (E T e (Key Faprotax) 5o B B D RES
B (Key FUNGuild) )2 AL 52
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21 Ef BRI

EFAFEZ SR AMN - 8 = A B RER GR D . MPC BT 1%
pH & 456 (P<0.05) , % PC MilEik 11.2%; MTC & ia LA N (SOC) &% 31.8 g-kg?
(P<0.05) , # PC AbFEIE NN 26.2%. MOC Ab¥E 2 2 if T 3eA % (AP) Bt (P<0.01) , HA
4 3.17 mg-kg?t, ¥ PC#27} 3.96 f5. MPC. MTC # %4 (AK) & &7y 193.8 mg-kg™ #1 180.3
mg-kg?t, ©EETHAAE (P<0.05) , H MPC A48 % (NH-N) &85 20.16 mg-kg?,
BFEET PC (P<0.05) . AFEAAELE (TND | BEZ (AN) SEIEAFRLHEE 1 ZE FRILEE
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1 BA-BERMRMTIE S MR

Table 1 Soil chemical properties of Cunninghamia lanceolata-rare tree species mixed forests

Qb3 Treatment pH SOC/(g-kg?)  TN/(g-kgh) AP/(mg-kg?)  AK/(mg-kg?)  AN/(mg-kg') NOs-N/(mg-kg?) NHs"-N/(mg-kg?)
MTC 4.38+0.17ab 31.8+0.16a 0.93+0.23a  1.53+0.12bc 180.33+24.44a  85.17+£19.90a 450+2.31a 15.92+3.94ab
MOC 4.11+0.05b 23.1+0.25b 0.93+0.13a 3.17+0.36a 84.67+24.11c 84.0049.26a 3.11+1.58a 18.18+2.02ab
MPC 4.56+0.25a 19.6+0.07c 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+0.49c 105.33+16.50bc ~ 85.17+2.02a 1.83+0.97a 14.62+2.31ab
PC 4.10+0.04b 25.240.01b 1.06+0.12a 0.80+0.36¢ 145.00£35.16ab  89.83+8.81a 4.19+0.93a 13.99+3.25b

VE: SOC, LIEHEMNEK: TN, &% AP, FREE: AK, HEH: AN, BE%E: NOs-N, MHEZE: NH/ N, #E%: MTC, ®J7

A EM-EARIEZEN; MOC, AGM-FZARRZI: MPC, WILH-IZARZ: MHC, EF-HARIH; PC, A, ik
SEEARAEZE . [F— B A RNG SRR R A [ AL 3R] BAT B35 22 7 (P<0.05). T [A. Note: SOC, Soil organic carbon; TN, Total
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nitrogen; AP, Available phosphorus; AK, Available potassium; AN, Alkali- -hydrolyzable nitrogen; NOs-N, Nitrate nitrogen; NH,*-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.
2.2 EMITIRHE YRR SR AE AR

ANTRIALFE R AT %5 H A SR R R B R AE T 1K B BB 1 R 4R B ALK
PAER AT B 11 (Acidobacteriota, 30.4%) . A8 [ ] (Proteobacteria, 25.7%) « i 2k i | ] (Actinobacteriota,
14.3%) FZEZE] (Chloroflexota, 9.1%) A, HUGEZAITHEIT] (Dormibacterota, 3.2%) . %f
HfIR ] (Gemmatimonadota, 3.0%) FIHEfKEEIT (Verrucomicrobiota, 2.3%) (K la) . HREHVE
HE L FHER ] (Ascomycota, 63.8%) FIH-FI% ] (Basidiomycota, 17.0%) N, I EH A
I'] (Mortierellomycota, 5.8%) FIARJSEE (Unclassified fungal, 2.9%) (& 1b) .

AR TIRFED) o 2RI AR E ES (R 2, P>0.05) . R4 Bray-curtis i 25X}
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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
phEL
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 9.89+0.17a 0.997 9+0.01abc 763.33x109.69a  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+0.01ab 679.33+86.84a 134.51+19.43a 6.46+0.47a 0.960 6+0.01a
MTC 2 040.92+102.49ab 129.62+4.42a 9.76+0.13a 0.997 440.01bc 766.00+£117.58a  138.28+17.82a 6.69+0.61a 0.967 5+0.01a

PC 1886.47+70.51ab 120.70+10.88a 9.68+0.07a 0.997 4+0.01c 704.33+x111.79a  128.06+18.25a 6.28+1.19a 0.931 4+0.07a

VE: BC, 4l Chaol & E it
f5%; FC, EH Chaol FEEMiTE;

BF, MR ASGKEZHIAEL: BSh, MEEL-EMNZHMUIEL: BSI, MEEERZ L
FF, ARARGKEZHIUAEL: FSh, HBER-BMS IS FSi, HEEERZ N

$8%0. 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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F=1.631, P=0.001
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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) and fungal (b)
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Fig. 4 Network topological characteristics of soil bacterial (a) and fungal (b) communities
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2.4 Ef HEMEYBE TR R BN
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TR HAREE (Ericoid mycorrhizal) HIFE T (& 5b) .

a) - g = q in b) 5z - pl =) :.’ In
| - [ - .
O L0 G O L O L
S
& FFEE & &8O F$

I 5LEERSE Aerobic chemoheterotrophy
fbhEFFr Chemoheterotrophy

P§REEILR Nitrate reduction

i PS4 Predatory or exoparasitic
HHEE 7 Methylotrophy

Y%= L Plant saprotroph
B A Epiphyle

FAF AW Unassigned
A Plant parasite
HUETT A M Bryophyle parasite

F4r3 Unassigned M4 FL# Leaf saprotroph

FEE Sk Methanol oxidation W SMEFEREE Ectomycorrhizal

FMFUL Nitrogen respiration A UL EH Undefined symbiotroph

T4 E T Nitrate respiration HESAERHBES Ericoid mycorrhizal
= JERAZAENTIE Fumarate respiration ] BHHEHEMA Fungal parasite

& B Fermenta FE LEH A Undefined saprotroph

RE R Ureoly FAERALEEE Clavicipitaceous endophyte

B% Nitrogen fixation ] FEEPEEAE Litter saprotroph

JtHE R4 Photoheterotrophy THEEAEHE Soil saprotroph

JiAEE S+ Phototro M4 HE Endophyte

LM Tron respiration Y7 REH Plant pathogen

A EREE TR Anoxygenic photoautotrophy AKFHE P Wood saprotroph

JFhEE# Photoautotrophy WA FE HE Lichen parasite
_|: AP FOLREE T Aerobic anoxygenic phototrophy M= B M Dung saprotroph

RSB Xylanoly FHEEE Animal pathogen

K5 IR (). FHH (0)REEAM T RERFIIALIL

Fig. 5 Shifts in metabolic functional groups of bacterial (a) and fungal (b) communities

2.5 ETHEMNREIH IR E L ThEE MR

FIFH PLS-PM 45k 7 FERE A S A T T3S PE T . 3 AR B VA RN L 3B A ) A R o) O
BN EDIRE (Key Faprotax, K-Fap) FISCHEEBEIIREREE (Key FUNGuild, K-FUND B EAL
REAUEAARBN, (B 6) o fE MTC ACFET, 4HTE BN LB OGS R XT K-Fap A 2 2 I 1E 7] B
M (P<0.05) o LIV K-Fap I B2 I AR (K 6a) , HHXT K-Fap e 00 4]
R (E6b) o fE PCAMHE R, 4UEEEFERSE X K-Fap A IET M, 1 HIf b2 A o £
FEPEMIAG fumsem (B 6e) o 5 PC AHEL, MTC 4b3E &K Z 0 K-FUN FIsEm AR (b AN, A
P BRI AR M B R i I E (B 6F) .
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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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