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Abstract: [Objective] Intensive monoculture practices can degrade land, but the specific impacts of long-term,
high-intensity citrus cultivation on soil microbial communities and soil multifunctionality are not well understood.
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[Method] This study examined soils from citrus orchards of varying planting durations, using high-throughput

sequencing to assess the influence of intensive cultivation on soil microbial communities. It also investigated soil
multifunctionality, microbial diversity, and co-occurrence networks associated with carbon, nitrogen, and

phosphorus cycling. [Results] This study indicated that soil bacterial diversity declined significantly as the

duration of citrus cultivation increases. The Shannon index decreased from 7.05 in 5-year soils to 5.79 in 30-year
soils, with species numbers dropping from 2 110 to 1 153. Microbial network complexity was also reduced in 30-
year soils, with fewer taxa and fewer inter-taxa associations than in 5-year soils. Network nodes declined from 1
491 to 815, and edges from 8 449 to 2 369. Network complexity and stability varied significantly across citrus
ages, with younger (5-year) soils showing greater complexity and stability than older (30-year) soils. Also, long-
term citrus cultivation led to soil acidification, altering bacterial activity, community structure, and species
composition. This included an increase in dominant taxa like Proteobacteria, Actinobacteria, and Firmicutes, and a
decline in Acidobacteria, Chloroflexi, and Gemmatimonadetes. The relative abundance of nitrogen-cycling
bacteria also increased, supporting processes such as nitrogen fixation, acrobic ammonia oxidation, denitrification,
and aerobic nitrite oxidation. Changes in microbial diversity and structure correlated closely with shifts in soil
multifunctionality, influenced by high-intensity citrus cultivation. The number of microbial network nodes showed
a negative correlation with carbon cycle multifunctionality (CMF) and positive correlations with nitrogen cycle
(NMF) and phosphorus cycle multifunctionality (PMF). The number of edges correlated negatively with CMF,

positively with NMF, and was not significantly associated with PMF. [Conclusion] Microbial diversity drives

the complexity of microbial co-occurrence networks, significantly correlating with the number of network nodes
and edges. Collectively, these findings indicate that prolonged citrus cultivation significantly reduces soil
microbial diversity and impairs multiple ecological functions.

Key words: Intensive cultivation; Citrus cultivation duration; Soil ecosystem multifunctionality; Soil bacterial
diversity; Microbial co-occurrence network
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N T RAE IR 2R A SThRE, R T 5 LRGSR bR, B B-1,4- &M H Y
(BG). #f4E —Hi/KfERE (CBH) 1 SOM; SRIEIMCMTE R, BHE B-N- LB & 28 % bE
filf (NAG). HHAE (NO;-N) FEER (NHS-N); SBEIEAHiars, GHA % (AP).
WsE & AR (HCI-P) . AV AR (Citrate-P) . AT ZH AW (CaClL-P) 1B 1t B % A
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1.4 +1% DNA $2E. PCR#/#&, qPCR /53%
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Table 1 Soil physical and chemical properties under different citrus planting years

P 4E R SOM/ (gkg  NOy-N NH,"-N AP HCI-P Citrate-P  / CaCl-P / pH
Planting D) /(mg'kg")  /(mgkg") /(mgkg")  /(mgkg)  (mgkg!) (mg-kg™)
year/a
5 17.95+6.65b 37.36+36.09b  4.56+2.46b  31.40+21.1  5543+406.8 217.0+242.8 5.00+3.83b  5.75+0.7
6b b b 5a
30 20.86+4.72a  117.3£60.53  58.96+41.9  108.6:26.5  801.9+212.4  331.1£89.93  28.44x139  3.69+0.3
a 9a Oa a a Sa 7b

e Blioy 21 DRI EAARE R . SOM, HIEAHLAG NOy-N, HIRAAS NHO-N, RIS AP,
TIEAH R HCL-P, WL &EWE: Citrate-P, AHIEREHE; CaCl-P, WAHER. FNARNGFERRFEREE.
T 1Al Note: The data represent the mean + standard error of 21 sample plots. SOM, soil organic matter; NO5™-N, soil nitrate
nitrogen; NH4"-N, soil ammonium nitrogen; AP, soil available phosphorus; HCI-P, mineral-bound phosphorus; Citrate-P, organic
acid-bound phosphorus; CaCl,-P, exchangeable phosphorus. Different lowercase letters in the same column indicate significant

differences. The same as below.

0.0

CMF NMF PMF EMF
4 n

{4 A3 Ecosysten fuction
1 AN FREE SRR A FERRA Z R B . CMF, BIGHRZ RN NMF, ZI6AL 6t PMF, B
WL UeeM:; EMF, T3S RFLINEEM. FHE. Note: Different lowercase letters indicate significant differences in the
same index among different years. CMF, carbon cycle multifunctionality; NMF, nitrogen cycle multifunctionality; PMF,
phosphorus cycle multifunctionality; EMF, soil ecosystem multifunctionality. The same as below.
B 1A RIAHE A AR IR 3R AR S R 2 TR PR E 4L

Fig. 1 Soil ecosystem multifunctionality under different citrus planting years
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1 5.79, FEEIREOM 2 441 [£5 1 335, pbAh, LIRANE 2R S K28R (o pH.
BG. CBH. ALP) ®EF MK, M5 1E NAG. WAR. AR G, HCI-P. Citrate-
P Fll CaCl-P N B ZEHAHK (P<0.05) (B 2d). K, KB IAATEFE S 8540 56 £ REdE
e, 25l HIRAESRFETNREN N %,

AN TRV RH AR R A PR 1) T 338 20 B B VR S5 MR R 22 57 . 25T Bray-Curtis AHARUHEREHEAT 1)
ANOSIM 7T, 5atifis 30 afifffz MAAEREZR (P<0.001). EAFRSHT (PCoA)
DR, TIRAN TR IR AR A IR e T B R, A ATE x HiEM (& 200,
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FEVE S AR R ME (DD
Fig. 2 Diversity (a. Richness index, b. Shannon index) and structural characteristics (c) of soil bacterial communities under
different citrus planting years, and correlation analysis between bacterial community diversity and basic soil properties (d)
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oxidation) 4H B AN EERIN: 5 a>30 a. HELZ T, 25 THKRELTFE (Nitrite
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Fig. 3 Composition and functional characteristics of soil bacterial communities under different citrus planting years
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TR 2 AR WA A £ R P IR - SR R R v PV A O B . AN ASV IRMET . RIREIRIN
KRN EPM R R, (HRMAEMMS R IR MERIN: 5 a>30 a, W HB{EBR, HERE
VIR 26 S IR, AN [RIATH A A £ PR 2 18] B Z2 S B o BRIE, 2 BB XA SR B2 KT 0.000
1 H7 ASV AT AR 28 7341, 0 Bt FL IR 28 SR ANRFE NS L3RS R G 2 DhRe v RO B2

ASVig! 0.000 1 0.0002 0.0003 0.0004

Threshold

ASVi{fi
Threshold

=02 Your

m
£
3
gl®
I

£ Node 1491 813 2
18} Edge 8449 2368 2254 556 898 m 586 182

B ¢:~g

H: ARBURRA R, Note: Different color represented different module.
Bl 4 AR 37 7 5078 T (ASV) BIE T FH AT - 520 1 D) 45 R 1iE
Fig. 4 Characteristics of citrus soil bacterial networks at different amplicon sequence variant (ASV) thresholds
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2] Module bubs

Fig. 5 Characteristics of soil bacterial networks under different citrus planting years

ks sada ok

At N

s

5 AN[RVRHA Aot £ PR - S 1 190 2% 1 R ARFALE

® 2 TEHBMES R IRME DML XE ASVs

Table 2 Key amplicon sequence variants in soil microbial networks under different citrus planting years

TR AR PR Wb 821 R Il ] H
Planting year/a  Species Module  Node category Phylum Class Order
5 ASV_199511 M2 pUR TR TR B 2N 2T KA H

ASV_105738 M4 puzs S TR TR TR N B H
ASV_160397 M5 U TR TR B 2N IR H
ASV_190644 M8 puzs S TR 0319-7L14 0319-7L14
ASV_104561 M7 Uz S R L TN REHHE H
ASV_51353 M4 BP0 AT TR TN B H
ASV_114447 M2 Bt TR TR B 2N 3h =2 50 IR IA H
ASV_161122 M4 BEHL L AT TR TN WA B H
ASV_20155 M2 Bt TR TR B 2N WIRFF I H
ASV_211832 M5 e 55, TR g FAh B 2N Gaiellales
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Fig. 6 Coupling relationship between soil bacterial diversity, network complexity, and soil ecosystem multifunctionality
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Fig. 7 Variance partitioning analysis (VPA) of the effects of different environmental factors on soil ecosystem multifunctionality
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