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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. [ 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. [ Result] This study indicated that soil
bacterial diversity declined significantly as the duration of citrus cultivation increases. The Shannon index decreased from 7.05 in
S-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, aerobic 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;
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Table 1 Soil physical and chemical properties under different citrus planting years

Ffh 47 BR NO,-N/ NH;-N/ HCI-P/ Citrate-P / CaCl,-P/
SOM/ (gkg!) pH
Planting year/a (mgkg™") (mgkg™) (mgkg™) (mgkg™") (mgkg™) (mgkg™)
5 17.95+6.65b 37.36+36.09b 4.56+£2.46b 31.40+21.16b 554.3+406.8b 217.0+242.8b 5.00+3.83b  5.75+0.75a
30 20.86+4.72a 117.3+60.53a 58.96+41.99a 108.6+26.50a 801.9+212.4a 331.1£89.93a 28.44+13.95a 3.69+0.37b

TE: BER 21 DR T E bR D . SOM, A HLET;

NO-N, HIERAR; NH,-N, HHEEASE; AP, 134300

HCI-P, W #4545 ; Citrate-P, FHLERABE; CaCl-P, AIaZ e A®E . FFIAF/NG FHEER/R2ZEF B3 . TH. Note: The data represent

the mean + standard error of 21 sample plots. SOM, soil organic matter; NO,-N, soil nitrate nitrogen; NHZ-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.
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Fig. 1 Soil ecosystem multifunctionality under different citrus
planting years
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analysis.. The same as below.
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Fig. 2 Diversity ( a. Richness index, b. Shannon index ) and structural characteristics ( ¢ ) 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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Fig. 3 Composition and functional characteristics of soil bacterial communities under different citrus planting years
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Table 2 Key amplicon sequence variants in soil microbial networks under different citrus planting years
Tl A 47 BR W (22K RSl Il El] H
Planting year/a  Species Module  Node category Phylum Class Order

ASV_199511 M2 RS R EqEL 2 R H
ASV 105738 M4 AR AT ETEL B H
ASV_160397 M5 RS AT TR TR A PIERAT I H
ASV 190644 M8 R TR 0319-7L14 0319-7L14
ASV_104561 M7 AR LTI IR A S 4 IREAS T H
ASV 51353 M4 B 8 R ETED BRI H
ASV_114447 M2 HEHe A0 A AT TR TR 4 G NN E|
ASV_ 161122 M4 B 8 R ETED N IRATH H
ASV 20155 M2 Bagerbe il AT ek IR H
ASV_ 211832 M5 B 8 R W BTN TR 20 Gaiellales
ASV_284400 Ml BEgerbe i AT ETEL H2IE IR H
ASV_62639 M2 B g R EqEL Bk H
ASV 273918 M2 REHe A 1 AT ek Ik H
ASV_43628 M2 (782 AP R EqEL WRRFF T H
ASV 137716 M2 B il T W 3R TR 2N AP E
ASV_197051 Ml HEYe A0 A AT T HR T TR 29 - HEHE
ASV_56767 M4 B i ERTAT] T BT T 20 Gaiellales
ASV 43136 M2 HEYe A0 A AT ek 2 ICH H
ASV_296976 M4 B 8 ERTAT] BT T 20 AR WS

: ASV 268212 MI HEYe A0 A AT W HR T TR 2 ARG S|
ASV_ 113643 Ml B 8 R TAT] ETEL Bk H
ASV 116756 Ml B i AT W HRH TR 2N ARG S|
ASV_34059 Mi B g R EqEL WRRFF I H
ASV 9225 M1 B i AT W 3R TR 2 Gaiellales
ASV 221816 M2 (782 APy R W TN T 20 aatFHREHE
ASV 31228 M2 Bl il AT ETEL BEF I H
ASV_282540 M4 (782 RIS R W I TR 20 R HE
ASV 251626 Ml (782 RTPLY R TAT] [ TR T H
ASV_62775 M5 R 8 ST KD4-96 KD4-96
ASV 11214 M2 8NN LI KD4-96 KD4-96
ASV_137812 MI HEHe A0 A ST Gitt-GS-136 Gitt-GS-136
ASV_ 272156 M5 B 8 S LRI 0119
ASV_98646 M10 R i AR ZF L T 40 R H
ASV_286846 Mi B g I oL TR i ZUR T H
ASV_142295 M2 FEH A0 1 AR o-5JE TR 2K it rA |
ASV_277632 Mi (782 APy TILTEI] oL TR i ZVR T H
ASV 212922 M2 Bl il L] ZE BT H
ASV_282504 M7 (782 RIS I ZE R P 4 B-AEIE T H

30 ASV 278668 M4 Bagerbe il AT W& 3R T 2 AP E
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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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