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Abstract
Background: The impacts of the conversion of natural to agricultural ecosystem on soil biodiversity and
ecosystem functions are still disputable. Here, we compared the soil biodiversity (bacteria and fungi) and
ecosystem functions of citrus orchards in different stages of succession (5–30 years) with those in
adjacent natural ecosystems. Different management strategies were also considered for one of this stage
(15 years).

Results: The results indicate that changes from natural vegetation land to citrus orchards would lead to
reduced soil bacterial diversity, as well as signi�cant declines in multiple ecosystem functions associated
with C cycle after 30 years of citrus plantation. However, the functions associated with N and P cycle
were enhanced by the plantation. Citrus plantation negatively affected the C cycle by reducing the soil
microbial diversity. Reduction in soil bacterial biodiversity was indirectly driven by increased soil
acidi�cation resulting from citrus plantation, while wheat straw addition could alleviate the reduction (15-
year stage). Compared with natural vegetation, citrus plantation also reduced the relative abundance of
multiple phylotypes, including Alphaproteobacteria, Deltaproteobacteria, Subgroup_6, Subgroup_4,
Anaerolineae and Bacteroidia. The ecological clusters of soil bacteria and fungi were signi�cantly
associated with multiple ecosystem functions, suggesting that citrus planting altered multiple ecosystem
functions via ecological clusters.

Conclusions: Taken together, our results indicate that soil biodiversity, soil functions and C:N:P coupling
are sensitive to the conversion of natural vegetation land to agricultural land, and further suggest that
proper management of soil acidi�cation can address some negative impacts of land use conversion on
soil biodiversity and functions.

Background
Conversion from natural to agricultural ecosystem is known to have great impacts on above- and below-
ground processes and organisms. For example, modern agricultural practices, which are based on
industrially produced mineral fertilizers, have been demonstrated to reduce soil carbon content, N �xation
ability and plant diversity (1, 2). Agricultural management practices such as soil tillage and fertilization
have been found to affect the biomass of arbuscular mycorrhizal fungi (3), earthworms (4),
microarthropods (5), and microbial communities (6). Moreover, in general, intensive agricultural practices
usually result in simpler soil food webs comprising smaller-bodied organisms and fewer functional
groups (7). However, in comparison with that on larger soil organisms and microbial biomass, the effect
of conversion from natural to agricultural ecosystem (such as wild forest to orchard) on soil microbial
biodiversity (8) and ecosystem functions remains largely unknown. Soil biodiversity plays a key role in
regulating the processes that underpin the delivery of ecosystem goods and services in terrestrial
ecosystems, and can be altered when natural vegetation lands are changed into agroecosystems. Yet, the
mechanism underlying the responses (either positive or negative) of soil biodiversity to cropping has
been much less understood, particularly for orchard plantation, as most work investigating the impacts of
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agricultural conversion on microbial communities has been focused on non-woody (e.g., maize, rice or
wheat) or small woody crops (vineyards). Understanding the responses of microbial diversity to
conversion from natural to agricultural ecosystems is essential for predicting the fate and functions of
biodiversity. Another important aspect remaining unexplored is the changes in soil biodiversity and
functions in response to agricultural practice in a long temporal scale, as most studies are focused on
short-term (months to years) snapshots. For example, a recent study suggested that long-term rice
plantation can suppress the diversity of specialized microbes such as N �xers (Fan et al. 2019). However,
how and why soil biodiversity and functions change after decades of cropping remain underexplored.

Herein, we investigated the effects of conversion of natural vegetation land to citrus orchards and long-
term (5–30 years) citrus plantation on soil biodiversity and functions. Citrus originated in southeast Asia,
and has been cultivated for at least 4000 years (9, 10). As a large genus including several major
cultivated species, citrus is currently cultivated in more than 140 countries. The total cultivation area of
citrus worldwide was approximately 9 million hectares, with a production of 122.3 million tons in 2009,
making it one of the most important fruit crops (11). In China, the production of orange increased from
5.61 million tons in 1992 to 38.17 million tons in 2017, showing a nearly 7-fold increase in 25 years. This
rapid growth in production relies heavily on intensive land use. The rhizosphere microbiome is known to
have signi�cant effects on citrus growth and health(12). The microbial populations in the rhizosphere
can improve the availability of mineral nutrients, production of phytohormones, degradation of phytotoxic
compounds and suppression of pathogens (13, 14). Therefore, it is signi�cant to clarify the effects of
intensive citrus cropping on soil microbiomes to improve citrus health and productivity.

Our hypothesis was that the conversion from natural vegetation land to citrus orchards (1) reduces the
diversity of soil bacteria and fungi, (2) declines the soil multifunctionality compared with natural
vegetation, and (3) has multiple indirect effects on soil biodiversity and functions via changing the soil
properties. To test these hypotheses, we collected soil samples from the orchards with different planting
years (5, 15 and 30 years) at a historical citrus planting site which was converted from natural vegetation
land in Central China. We also collected and analyzed soil samples under different managements
(15 years). Besides, soil microbial diversity was analyzed and the multifunctionality of the soil associated
with C, N and P cycle was calculated. This study may help to facilitate the renovation of old orchards and
provide theoretical basis for the sustainable development of orchard plantation.

Methods

Site description and sampling
In the past few years, China's citrus industry has been developing very rapidly and the varieties have been
updated quickly. Citrus planting has been greatly expanded but at the expense of natural vegetation areas
and arable lands. More and more slope lands with natural vegetation have been used for the cultivation
of citrus because of the higher economic income compared with the cultivation of other crops such as
corn, rice and wheat. Currently, citrus has been the most important fruit crop in China with the highest
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yield and largest planting area. Since the beginning of the century, China's citrus industry has been
developing rapidly. The land area for citrus planting has increased from 1.087 million hectares in 1992 to
2.288 million hectares in 2011.

This study was conducted in Zigui County, Hubei province. Citrus is an important economic crop with a
long citrus planting history. In the pursuit of the maximum production, excessive application of chemical
fertilizers and pesticides has led to serious ecological problems such as soil degradation, soil productivity
reduction, and non-point source pollution. The sampling site was in the Zigui Eco-Environmental
Monitoring Station (31◦4′ N, 110◦41′ E), located at Shuitianba Town, Zigui County, Hubei Province, Central
China. It situated in a subtropical zone with a monsoonal climate, with a mean annual temperature of
18.2 °C and a mean annual precipitation of 940.3 mm. The soil type is purple soil derived from purple
sandy shale.

We chose 20 citrus orchards (5-year old, 5y; 15-year old, 15y; 30-year old, 30y) and four natural vegetation
plots (forests) that were adjacent to the citrus orchards. Three treatments were performed on the 15-year
old citrus orchards, including no surface covering (15y-C), surface covering with wheat straw (15y-SM)
and surface covering with peanut between rows (15y-PC). All citrus orchards had the same fertilization
regimes. Soil sampling was performed in July 2018. In each sampling site, an experimental plot (10 m × 
10 m, with 16 citrus trees) was established to conduct the soil sampling. All the sampling plots were far
from human settlements to eliminate the anthropogenic effects. At each plot, 15 surface soil cores (0–
10 cm soil layers) were collected randomly, and then homogenized and sieved through a 2-mm sieve. The
�nal soil samples were divided into different parts based on the requirements of analysis for different soil
properties. One part (approximately 10 g) was put in a sterile tube and stored at − 80 °C for the extraction
of soil DNA. The remaining soil was used for the measurement of the basic characteristics.

Edaphic Characteristics
The soil pH was determined using a glass pH meter in a soil water suspension (1:2.5, w/v). Soil total
carbon (SOC) and nitrogen (TN) were determined with 200 mg air-dried soil through a 0.149 mm sieve by
a element instrument (Vario MAX C/N; Elementar, Germany). Soil nitrate nitrogen (NO3N) and ammonia
nitrogen (NH4N) were extracted by 1 mol/L KCl and then determined by a Seal Auto Analyzer3 (15). Soil
total phosphorus (TP) was digested by H2SO4-HClO4, and determined by melt-molybdenum, antimony
and scandium colorimetry. Soil available phosphorus (OlsenP) was extracted with 0.5 mol/L NaHCO3,

and measured with the same method for measurement of soil TP (16). Soil labile carbon (LOC) was
determined by the content of organic carbon oxidized by 333 mmol/L K2MnO4. Soil microbial biomass C
(MBC), N (MBN), and P (MBP) were measured by the method of chloroform fumigation as described in
previous studies (17–19). All the properties were listed in table S1.

Soil Dna Extraction, Ampli�cation And Sequencing
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Soil genomic DNA was extracted using the PowerSoil kit (MoBio Laboratories, Carlsbad, CA, USA)
following the manufacturer's instructions and stored at − 80 °C. After DNA extraction, the quality of DNA
was assessed based on the ratios of A260/A230 and A260/A280 using a spectrophotometer. The
extracted DNA was stored at − 80 °C until ampli�cation.

The V3-V4 regions of the bacterial 16S rRNA gene and fungal ITS2 region were ampli�ed using the
primers 338F (ACTCCTACGGGAGGCAGCA) and 806R (GGACTACHVGGGTWTCTAAT) (20), and ITS3 (5′-
GCATCGATGAAGAACGCAGC-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (21), respectively. PCR
ampli�cation was conducted according to the details listed in supporting information as described by
previous studies. The puri�ed products were quanti�ed and pooled and then sequenced on the platform
of Illumina HiSeq 2500 (Shanghai Personal Biotechnology, Shanghai, China).

Processing Of Sequencing Data
Initial sequence processing and diversity analysis for both bacterial 16S rRNA and fungal ITS genes were
conducted by using the QIIME package. Raw sequences > 150 bp with an average quality score > 20 and
without ambiguous base calls were quality processed using Qiime (version 1.17). The sequence data
were quality �ltered; all samples were normalized according to the smallest sequences to ensure that the
downstream analyses were performed at the same sequencing depth for all samples. High-quality
sequences were clustered into operational taxonomic units (OTUs) with a 97% similarity using UPARSE
(22) (version 7.1, http://drive5.com/uparse/). For 16S RNA OTUs, taxonomy was assigned using UCLUST
against the Greengenes database (Version 13_850). For fungal ITS sequences, the taxonomy was
assigned by BLAST against the UNITE database. The resultant OTU abundance tables for both primer
sets were �ltered to remove singletons and rare�ed to an even number of sequences per sample to ensure
an equal sampling depth (28,204 and 27,000 for 16S rRNA and ITS, respectively). Alpha diversity in each
sample was calculated by Shannon index.

Assessment Of Multifunctionality
Multifunctionality can be used to quantify the provision of multiple ecosystem processes and services
simultaneously. Many of these functions, including nutrient cycling (nutrient availability and
mineralization), net primary productivity and organic matter decomposition (such as lignin degradation),
are driven by microbial communities. To obtain a quantitative multifunctionality index for each site, we
�rst normalized (log-transformation when needed) and standardized each of the 8 functions measured:
(1) carbon-related functions, including soil dissolved carbon (DOC), soil labile carbon (LOC), and
microbial biomass carbon (MBC); (2) nitrogen-related functions, including nitrate N (NO3N), ammonium N
(NH4N), microbial biomass N (MBN); and (3) phosphorus-related functions, including available P (Olsen
P) and microbial biomass P (MBP). These single standardized ecosystem functions were used to
calculate a multifunctionality index using a average approach (23–27). Multifunctionality can provide a
direct and easy-to-interpret measure of the ability of different communities to sustain multiple functions
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simultaneously. Before analysis, all individual ecosystem function (EF) variables were standardized by
transformation as follows (28):

EF =[rawEF − min(rawEF)]/ [max(rawEF) − min(rawEF)]

EF indicates the �nal (transformed) ecosystem function value, and raw EF represents raw
(untransformed) ecosystem function values. The carbon-related ecosystem multifunctionality (CEMF),
nitrogen-related ecosystem multifunctionality (NEMF), phosphorus-related ecosystem multifunctionality
(PEMF) were calculated using the C, N and P related functions, respectively.

Network Analysis
Co-occurrence network analysis was conducted to identify the alterations in modules (ecological clusters)
of the soil bacteria and fungi using the following protocol (29, 30). The correlations were calculated using
the relative abundance matrix of soil bacteria and fungi in R 3.6 (31). A co-occurrence was considered as
robust if the Spearman’s correlation coe�cient was greater than 0.6 and the P value was lower than 0.01
(31). This cut-off was biologically meaningful, since we only focused on taxa with signi�cant co-
occurrence, which are therefore more likely to interact with each other within a given plant community.
The network was visualized in Gephi 0.92 (32). The ecological clusters were identi�ed with the Gephi
interactive platform. The relative abundance of each ecological cluster was obtained by averaging the
standardized relative abundances (z-scores) of each site (33).

Statistical analysis
Pearson correlation analysis was used to determine the relationships between microbial groups and
environmental factors (soil properties) using SPSS 16.0 (IBM Corporation, Armonk, NY, USA). Random
Forest regression modeling was performed to identify the most important microbial taxa (i.e. a large
value of Increase in MSE) in predicting the ecosystem functions in R using the packages of randomForest
and rfPermute (34, 35). The structural equation modeling (SEM) was performed to investigate the effects
(direct and indirect) of citrus plantation, soil biodiversity (bacteria and fungi) and soil properties (pH,
SOC) on the soil ecosystem functions in Amos 22 (IBM, Chicago, IL, USA) software) (36).

Results

Impacts of citrus planting on soil microbial diversity and
community composition
The results showed that citrus planting decreased soil bacterial Shannon diversity over time (Fig. 1). By
contrast, long term application of wheat straw covering (15 years) signi�cantly enhanced the Shannon
diversity of both bacteria and fungi, particularly that of bacteria, reducing the negative impacts of citrus
planting on soil biodiversity. The multi regression model showed that soil pH, SOC and DOC have
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signi�cant effects on soil bacterial Shannon diversity, and SOC is the best predictor for the Shannon
diversity of soil fungi. Bacterial (ANOSIM: R = 0.998, P < 0.001) and fungal (ANOSIM: R = 0.954, P < 0.001)
communities were distinctly different between different land uses and citrus planting years. The land use
conversion showed more obvious effects on bacterial communities than on fungal communities.

Association Between Microbial Diversity And Ecosystem
Functions
Conversion from natural vegetation land to citrus orchards had obvious impacts on multiple functions
associated with C, N and P cycle, resulting in functional imbalance (Fig. 1). The land use conversion
reduced the C function, while enhanced the N and P function (Fig. 1). On average, the highest CEMF was
found in the natural vegetation land. However, compared with natural vegetation, citrus planting improved
the NEMF and PEMF.

The results showed that there were signi�cant associations between soil microbial diversity and
ecosystem C, N and P multifunctionality (Fig. 2). A positive association between CEMF and soil bacterial
diversity (R = 0.45, P = 0.027), and fungal diversity (R = 0.69, P < 0.001); a negative association between
NEMF and soil fungal diversity (R=-0.70, P = 0.00012). Both diversity of soil bacteria (R=-0.57, P = 0.0033)
and fungi (R=-0.62, P = 0.0012) were negatively associated with PEMF. It was also observed that most of
the individual functions of soil ecosystem were signi�cantly related to soil microbial diversity (Table S2).

Random Forest regression modeling was performed to identify the most important microbial taxa (i.e. a
large value of Increase in MSE) in predicting the ecosystem multifunctionality. Soil fungal diversity, SOC
and soil pH were considered as the most important predictors of soil CEMF; while soil bacterial diversity
had no signi�cant effects on the CEMF. For NEMF, it was mainly regulated by soil fungal and bacterial
diversity; while PEMF was mainly controlled by the soil pH and fungal diversity (Fig. 3).

Structural equation modeling (SEM) was performed to test whether the relationship between microbial
diversity and multifunctionality (CEMF, NEMF and PEMF) is maintained when soil pH and SOC are taken
into account. The results showed that bacterial diversity had direct negative effects on NEMF and PEMF
and a positive effect on CEMF (Fig. 4); and fungal diversity was positively associated with CEMF while
negatively associated with NEMF and PEMF. Besides the direct effects, SOC and pH had some indirect
effects on soil multifunctionality by affecting soil microbial diversity. High SOC signi�cantly enhanced
soil bacterial and fungal diversity, while low soil pH would decline fungal diversity, which had great
impact on soil multifunctionality (Fig. 4).

Impacts Of Citrus Planting On Soil Microbial Network
By mcirobial correlation network analysis, three main ecological clusters were ident�ed, which comprised 
~ 51% bacterial and ~ 41% fungal taxa (Fig. 5). Cluster #0 was almost found exclusively in natural
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vegetation land, while cluster #1 and #2 were exclusively found in citrus planting soils. Overall, the
ecological clusters comprised simialr phyla, suggesting that the effects of citrus planting on soil
microbial diversity are not phylogenetically conserved; that is, the ecological clusters are not closely
related to a single group of microboes, but have impacts on multiple phyla. Six main bacterial and fungal
phyla, including Actinobacteria (~ 19%), Proteobacteria (~ 11%), Acidobacteria (~ 3.8%), Ascomycota
(47%), Basidiomycota (~ 3.0%), Chloro�exi (~ 2.5%), and Gemmatimonadetes (1.9%), contributed to the
relative abundance of all ecological clusters. These main phyla had different contributions to the
ecological clusters between natural vegetation and citrus planting soils. Fungi (Ascomycota) were more
abundant in natural vegetation soils, while bacteria (Proteobacteria and Actinobacteria) were predomiant
in citrus planting soils.

Discussion
This study showed that soil biodiversity, especially bacterial diversity, declines with 30 years of citrus
planting, and this decline is associated with soil acidi�cation (Fig. S1). It was also found that speci�c
managements that increase soil pH, such as wheat straw addition, can alleviate the negative impact of
crop plantation on soil biodiversity. We also found that the effect of citrus planting on the C cycle was
different from that on N and P cycle. Citrus planting promoted the N and P cycle but reduced the C cycle,
which was indirectly driven by reduction in soil biodiversity. Together, these �ndings indicate the
importance of maintaining the soil biodiversity and functions in orchard cultivation, and demonstrate
some effective management practices to reduce the negative impacts.

Citrus Planting Reduces Soil Microbial Communities
Conversion from natural to agricultural ecosystems has been considered as the most important driving
force to regulate soil microbial communities (37). In this study, citrus planting was found to reduce soil
bacterial and fungal diversity in a time dependent manner. Similarly, Berkelmann et al. (2020) found that
the conversion from rainforest to rubber and oil palm plantation resulted in a decline in bacterial diversity.
These negative effects of the conversion of natural vegetation land to agricultural land on soil bacterial
diversity may be ascribed to the homogenization of soil bacteria (38). In an agriculatural ecosystem, the
application of organic or inorganic fertilizers would decrease the local bacterial diversity. On the contrary,
conversion of tropical forest to agriculture land improved the soil bacterial diversity through an increase
in soil pH (39). In our study, citrus planting caused a decline in soil pH, resulting in decreases in soil
bacterial diversity. Soil pH has been widely accepted as the most important factor that affects soil
bacterial/fungal community composition (Lauber et al., 2009; Rousk et al., 2010; Zeng et al., 2019a; Zeng
et al., 2016).

The conversion of natural vegetation land to citrus orchards altered the soil microbial community
composition, which is in agreement with the results in previous studies (37). Proteobacteria
(Alphaproteobacteria and Deltaproteobacteria) and Acidobacteria (Subgroup_6 and Subgroup_4) were
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negatively in�uenced by the conversion, which might be due to the decline in soil pH and SOC. The
dramatic increase in soil Actinobacteria indicates its important role in citrus planting soils, because it has
been reported that deforested soils has a low abundance Actinobacteria (40). Considering the sharp loss
of plant diversity in the agricultural ecosystem, the reduction of soil bacterial communities might be
ascribed to the decreases in plant-related microbial groups, such as mycorrhizal fungi and rhizosphere
microbes (41). For example, Rhizobiales are highly related to the diversity of aboveground plants, and
thus a decrease in plant diversity would lead to corresponding decreases in Rhizobiales (37, 42).

Cover cropping has been considered as a promising agricultural practice to improve soil quality, enhance
crop yields, and increase soil microbial abundance and diversity (43–45). In this study, we found that the
application of wheat straw on the soil surface could enhance the SOC, TN, pH and other properties, which
might directly or indirectly increase soil microbial diversity and abundance. These positive effects of
straw covering on the composition and diversity of soil microbial community are in line with previous
studies (46, 47). One possible reason is that the long-term application of straw could relieve soil
acidi�cation, which would directly in�uence the composition of soil bacterial/fungal community. The
increase in soil pH due to straw covering enhanced the soil bacterial Shannon index from 10.1 to 10.7
compared with no straw covering within the same planting years (15 years). Similarly, Bu et al. (2020)
also repored positive effects of straw returning on the soil bacterial Shannon diversity, which might be
attributed to increases in soil organic matter. Therefore, changes in SOC and pH together can explain the
variations in soil bacterial diversity under the application of straw in this study.

Citrus Planting Reduces Soil Ecosystem Multifunctionality
The composition and diversity of soil microbial community play central roles in ecosystem
multifunctionality in drylands and long-term fertilized soils (23–25). Here, our results suggest that citrus
planting signi�cantly alters ecosystem multifunctionality, con�rming that land use types have signi�cant
impacts on soil ecological functions (48). Compared with natural vegetation, citrus planting increased
NEMF and PEMF but reduced CEMF, while the application of wheat straw could enhance the CEMF,
implying that the application of straw may alleviate some negative effects of highly intensive citrus
planting, such as soil acidi�cation and decreases in soil organic matter, nutrients and soil biodiversity. It
has been reported that soil biodiversity has great impacts on soil ecological functions. Any loss in soil
biodiversity might decline the ecosystem multifunctionality (25). In this aspect, citrus planting reduces
the soil multifunctionality, which might be alleviated by straw application.

It seems that not all studies concluded that microbial diversity has a strong effect on soil
multifunctionality. Li et al. (2019) reported that it is fungal richness but not bacterial richness that
contributes to multifunctionality in boreal forest soils. In the present study, we also found that soil fungal
Shannon diversity explained more variations in NEMF and PEMF than bacterial Shannon diversity. The
association between soil bacterial diversity and NEMF was not signi�cant, suggesting that fungi play a
dominant role in controlling NEMF. However, fungal communities contributed less to soil
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multifunctionality (CEMF, NEMF and PEMF) than bacterial communities. Most bacterial phyla have been
identi�ed as important predictors of soil multifunctionality by Random Forest regression and Pearson
correlation analysis. These dominant bacterial phyla participate in the main soil processes related to
multiple functions such as C, N and P cycle. For example, members of Patescibacteria,
Deinococcus.Thermus, Cyanobacteria and Actinobacteria reduced soil CEMF, while members of
Acidobacteria, Chloro�exi and Planctomycetes improved soil CEMF. Fungi mainly affected NEMF, as
con�rmed by the association between NEMF and the relative abundance of Basidiomycota and
Ascomycota. CEMF and NEMF are mainly associated with soil bacterial phyla. These positive or negative
associations of bacterial taxa with soil multifunctionality might be ascribed to their life strategies and
ecological functions. Citrus planting would alter these main dominant phyla (Fig. S2), leading to
variations of soil multifunctionality. These results demonstrate that soil bacterial community
composition and diversity largely determine soil multifunctionality in highly intensive citrus planting
ecosystem.

Cover cropping is known as an effective way to enhance soil quality. In this study, cover cropping with
peanut had signi�cant effects on CEMF and PEMF; while the application of wheat straw improved CEMF.
Both methods of surface covering had no signi�cant effects on NEMF. The application of straw would
improve the diversity and abundance of microbes that degrade organic matter. Straw decomposition has
been considered as an important source of soil organic matter and nutrients, which has indirect impacts
on the growth and production of microbes. The higher bacterial and fungal diversity and CEMF in 15y-SM
con�rmed that long-term application of straw has positive effects on soil biodiversity and
multifunctionality. Surface covering with peanut reduced soil biodiversity, but increased soil PEMF.

Citrus Planting Alters Ecological Clusters Of Soil Microbes
Our results suggest that the conversion of natural vegetation land to agricultural land alters the
ecological clusters of soil bacteria and fungi. For example, citrus planting mainly affected ecological
cluster #1 and #2, while had little effect on cluster #0, which was dominant in natural vegetation land.
Soil Rhizobiales were mainly distributed in ecological cluster #0, due to the higher plant diversity on
natural vegetation land than on agricultural land (37). Similarly, higher abundance of soil Rhizobiales
was observed in the forest sites (49). In this study, most members of cluster #0 preferred a higher soil pH,
con�rming that soil pH mediates soil microbial community composition in forests (50). The signi�cant
association between the diversity of cluster #0 and CEMF suggests that the main ecological function of
cluster #0 is related to soil C cycle. Ecological cluster #1 and #2 are mainly related to NEMF, including a
large number of Burkholderia, which are main N �xers in soils (2). Soil Burkholderia prefers to utilize the
available N in the soil rather than N �xation (51), and is more abundant in agricultural soils. Burkholderia
belongs to Alphaproteobacteria, which are widely distributed in nutrient-rich soils as a life strategy
(copiotrophs) (51). The application of fertilizers for citrus planting may stimulate the growth of these
copiotrophic bacteria and enhance their abundance. The signi�cant association between the diversity of
cluster #1 and #2 and NEMF con�rms their ecological functions related N cycles.
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Conclusions
Overall, our results suggest that long-term citrus planting strongly reduces the soil microbial diversity and
ecological functions related to C cycle, but enhances those ecological functions associated with N and P
cycle via soil acidi�cation. Surface covering with straw relieves the soil acidi�cation and contributes to
increases in soil bacterial and fungal diversity. Taken together, our results provide novel evidence that
citrus planting regulates soil multifunctionality and microbial ecological clusters. Knowing the potential
effects of conversion of natural vegetation land to citrus orchards on microbial ecological clusters may
help to better predict the in�uence of highly intensive citrus planting on ecosystem multifunctionality.
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Figure 1

Variations of soil multifunctionality (a, CEMF; b, NEMF; c, PEMF) and microbial diversity (d, bacterial
diversity; e, fungal diversity) in soils. CEMF, ecosystem functions related to C cycle; NEMF, ecosystem
functions related to N cycle; PEMF, ecosystem functions related to P cycle. Different letters indicate
signi�cant differences between soil sites.
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Figure 2

Associations between soil multifunctionality and soil microbial diversity. CEMF, ecosystem functions
related to C cycle; NEMF, ecosystem functions related to N cycle; PEMF, ecosystem functions related to P
cycle.
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Figure 3

Predictions of the effects of soil microbial diversity and soil properties on soil multifunctionality (a, CEMF;
b, NEMF; c, PEMF) using Random Forest test. CEMF, ecosystem functions related to C cycle; NEMF,
ecosystem functions related to N cycle; PEMF, ecosystem functions to related P cycle.
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Figure 4

Direct and indirect effects of soil pH, SOC, and biodiversity on ecoystem functions (a1 and a2, CEMF; b1
and b2, NEMF; c1 and c2, PEMF) using SEM. CEMF, ecosystem functions related to C cycle; NEMF,
ecosystem functions related to N cycle; PEMF, ecosystem functions related to P cycle.
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Figure 5

Characteristics of ecological clusters using correlation network analysis (a) and the abundance of each
ecological cluster (b).

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupportingInformation.docx

https://assets.researchsquare.com/files/rs-27185/v1/SupportingInformation.docx

