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Abstract: Understanding the ecological processes that regulate microbial community assembly
in different habitats is critical to predict microbial responses to anthropogenic disturbances and
environmental changes. Rubber (Hevea brasiliensis) and Eucalypt (Eucalyptus urophylla) plantations
(thereafter RP and EP) are rapidly established at the expense of forests in tropical China, greatly
affecting tropical soils and their processes. However, the assembly processes of soil microbial
communities after forest conversions remain unclear. We investigated soil microbial communities’
attributes and quantified the portion of deterministic assembly variation in two RP (a 3- and a
5-year-old) and two EP (a 2- and a 4-year-old) in Southern China. Shannon and Faith’s Phylogenetic
α-diversity of both bacterial and fungal communities were higher in RP than in EP, regardless of
plantation age or soil depth (0–50 cm). Bacterial and fungal community structure was significantly
different among the four plantations. The dominant microbial taxa in RP closely tracked the availability
of nitrogen, phosphorus and potassium (K) while those in EP were closely related to the high total K
content. Microbial co-occurrence networks in RP were more modular than those in EP, as governed by
more keystone taxa that were strongly dependent on soil available nutrients. Environmental filtering
imposed by soil nutrients heterogeneity contributed a considerable portion (33–47%) of bacterial
assembly variation in RP, but much less (8–14%) in EP. The relative contribution of environmental
selection on fungal assembly was also greater in RP than in EP. Our findings suggest that in RP clear
microbial community patterns exist with respect to soil nutrients, whereas in EP microbial community
assembly patterns are more stochastic and variable. The large variation in soil microbial community
assembly patterns in EP could lead to fragile and unstable microbial-soil relationships, which may be
one factor driving soil degradation in EP.
Keywords: soil microbial communities; ecological assembly processes; land use change; Rubber
plantation; Eucalypt plantation

1. Introduction
Understanding microbial assembly processes is a central goal in the field of microbial ecology, as it
can reveal the fundamental rules for microbial taxonomic and phylogenetic structure across temporal
and spatial scales [1–3]. Assemblage of microbial communities can be governed by deterministic
processes that are imposed by environmental selections, which are traditionally recognized as the
most important processes modulating microbial community evolution and diversification [4–6].
In recent years, the stochastic processes, such as drift, dispersal limitation and birth and death,
have been proposed to interact with deterministic processes during microbial assembly in various
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ecosystems [7–10]. Moreover, the relative importance of deterministic versus stochastic processes
in regulating microbial community structure can be highly variable across habitats. Some studies
have proposed an increasing proportion of deterministic processes along the chronosequence of
long-term disturbances, though emphasis has been given to the stochastic processes at the initial stage
of disturbance [10,11]. Although soil microbiota is jointly shaped by the deterministic and stochastic
processes under anthropogenic disturbances, such as fertilization [12], climate warming [11], and land
use changes [10], the relative importance of these two processes is still unclear.
Soil microorganisms act as the engineers of biogeochemical processes and play a critical role in
maintaining functional and structural stability of forest ecosystems via influencing soil nutrients content
and aboveground productivity [13,14]. Although there is putative functional redundancy among some
microbial taxa, the taxa responsible for different soil nutrient transformations are mostly unique [15,16].
Thus, shifts in soil microbial structure are generally parallel with changes in their functions. Microbial
community network analysis can shed lights on the correlations between microbial structure and
functions. Soil microbial communities consist of a vast diversity of taxa that generally interact with
each other via competition and/or mutuality to accomplish their functions (e.g., soil biogeochemical
and ecosystem processes), which consequently form complex species co-occurrence networks [17,18].
Microbial networks have been previously determined in soils from various ecosystems, including
farmland, forest and grassland [19–23]. Most studies also use microbial network analysis to reveal
the keystone taxa that play a critical role in modulating the whole network structure and function,
as they often show the dominant relationship among taxa [24,25]. Moreover, recent studies have
demonstrated remarkable alternations in soil microbial networks and their keystone taxa in response
to anthropogenically induced environmental changes (e.g., extreme drought, elevated CO2 and
deforestation) [20,21,24]. These environmental changes may act as deterministic selection forces, which
cause community-level stochasticity to decrease. The environmental changes caused by conversions
of natural forests to monoculture plantations, which have attracted much attention in recent years,
are important drivers of soil microbial community reconstruction [26]. However, soil microbial
communities show what kind of reconstruction and to what extent the reconstruction can occur under
those environmental changes remain elusive.
An increasing number of tropical and subtropical forests have been converted to Rubber
and Eucalypts monoculture plantations due to their prompt and vast economic benefits [27].
The considerable reduction in soil organic carbon and nutrients content, increases in soil compaction,
and erosion following conversions of forests to Rubber and Eucalypt plantations have compromised
soil fertility and soil carbon sequestration [28]. The leaf litter quality of Rubber and Eucalyptus is low,
because they are high in polysaccharides and phenolic compounds, which can inhibit soil biological
processes [29,30]. The impacts of Rubber and Eucalypt trees on the pedosphere are distinctive due to
the differences of their litter quality and quantity, generally with a stronger reduction of soil nutrients
content in the Eucalypt compared to Rubber plantations [31,32]. Moreover, it has been hypothesized
that different plants can select for certain soil microbiomes to guarantee the functional resilience of
the pedosphere after disturbance [33]. As a result, soil microbial structure and its controlling factors
may differ between the Eucalypt and Rubber plantations. However, establishing the main influential
factors and determining to what extent variance of soil microbial community can be explained by
these factors in Rubber and Eucalypt plantations remain debatable. Lan et al. [34] demonstrated
a marked increase in the relative abundance of Firmicutes while a decrease in Acidobacteria after
conversion of tropical forests to rubber plantations, which was mainly attributed to the alternations
in soil pH and phosphorus (P). According to Li et al. [35], soil pH and P are also important in
driving soil bacterial composition changes after conversion of forest to Eucalypt plantations. Another
study evidenced that soil microbial variation along with the succession of Eucalypt plantations was
shaped by the combination of various soil properties (e.g., pH, organic mature, nitrogen, P and
potassium) [36]. Recent studies from Lan et al. [37,38] suggested that the effects of seasonal changes
on soil microbial community overwhelmed the effects of forest conversions, which could explain a
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large part (31.9%) of the total bacterial composition variance in both plantations and natural forests.
However, in the context of seasonal variation, in remains unclear which environmental factors (e.g.,
soil moisture, temperature and nutrients content) play a decisive role in soil microbial community.
Both Rubber and Eucalypt plantations could impact soil microbial community in many aspects,
including communities’ composition, functions, abundance and diversity mainly through altering soil
physiochemical properties [39–41], which may disrupt ecological interactions and ecosystem functional
potentials. Thus, clarifying the determining factors of soil microbial community in the two types of
monoculture plantations is rather important in evaluating microbial states and guiding plantation
managements. Given the fact that vast variance of soil microbial structure in Rubber and Eucalypt
plantations could not be explained by environmental variables in previous studies, it is imperative that
we investigate the relative contributions of stochastic processes on soil microbial assembly.
In this study, we investigated soil bacterial and fungal community α-diversity, structure, species
co-occurrence networks and assembly processes in the Rubber and Eucalypt plantations that have
been established in tropical South China. We hypothesize that (1) deterministic processes indicative
of environmental selection play a decisive role in soil microbial assembly in both the Rubber and
Eucalypt plantations, with the selecting environmental variables differing between the two plantation
types; (2) Not only diversity and structure, but also the species co-occurrence networks and keystone
taxa of soil bacterial and fungal communities differ markedly between the Rubber and Eucalypt
plantations. If Eucalypt plantations are more damaging to the soil environment (i.e., fertility) than
Rubber plantations, then soil microbial community network modularity and community α-diversity
should decrease to a greater degree in Eucalypt than in Rubber plantations.
2. Materials and Methods
2.1. Study Site and Field Sampling
The study site is located in the Zhanjiang City, Leizhou Peninsula, Guangdong Province, Southern
China (114◦ 250 E, 23◦ 750 N). This region is characterized by a typical subtropical monsoon climate,
with a mean annual temperature of 23 ◦ C and mean annual precipitation of 1273 mm. The soil type is
Latosol developed from basalt, and the climax vegetation is Evergreen Monsoon Forest. Unfortunately,
a large part of the forest areas has been cleared for various land uses. Part of the areas was planted
with Hevea brasiliensis (Rubber) and Eucalyptus urophylla (Eucalypt) trees arranged in 2 m × 2.5 m grid
spacing. This study was conducted in two Rubber plantations (RP) with stand ages of 3 and 5 years
(thereafter RP-3-year and RP-5-year) and two Eucalypt plantations (EP) with stand ages of 2 and 4 years
(thereafter EP-2-year and EP-4-year) (Figure S1). The topographic features of the four plantation sites
are similar, with an elevation ranging from 26 m to 33 m and a slope from 0◦ to 3◦ . The soil type of the
selected four plantations is Latosol, and the mean annual temperature and mean annual precipitation
of each plantation is similar with the Zhanjiang City. Litsea glutinosa, Clerodendrum cyrtophyllum Turcz,
and Eupatorium odoratum L. are the dominate understory species in RP, and the understory of EP is
dominated by Ephedra equisetina, Aporosa dioica, Lantana camara L., and Mimosa pudica Linn. The average
tree height of RP-3-year and RP-5-year is 4.5 m and 7.8 m, and that of the EP-2-year and EP-4-year is
4.6 m and 9.5 m, respectively. EP-4-year has the largest average tree diameter (11 cm), followed by
RP-5-year (9 cm), and both RP-3-year and EP-2-year have an average tree diameter of 5 cm. Three
replicated stands were randomly selected in each plantation, with an area of 1 ha for each stand and no
less than 50 m from the adjacent stands. In each stand, fifteen soil samples from three soil depths (i.e.,
0–10, 10–30 and 30–50 cm, with five samples per depth; Figure S1) were collected using an auger (Φ
5 cm). The sampling sites were randomly distributed within each stand, avoiding tree roots. After
sampling, soils were sieved through a 2 mm mesh to remove fine root, litter and stones, and samples
from the same soil depth within each stand were combined and mixed. Thus, a total of 9 composite
samples were obtained for each plantation with 3 replications for each soil depth (i.e., one for each
stand). After collection, we immediately took these samples back to the laboratory and stored them in
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two parts. One part was stored at −20 ◦ C for the microbial analyses, and the other part was stored
under 4 ◦ C for soil physicochemical analyses.
2.2. Soil Physicochemical Analyses
Soil water content was calculated as the mass loss after drying fresh soil to constant weight at
105 ◦ C Soil pH was examined using a pH meter (UB-7 pH/ev Meter; Denver Instrument, Bohemia,
NY, USA) with the soil/water (1:2.5, w/w) suspensions. Fresh soil was added to the H2SO4-K2Cr2O7
solution for digestion, and then the soil organic carbon (SOC) content was measured by titrating
the remaining K2Cr2O7 with FeSO4·7H2O. Soil total nitrogen (N) content was determined using the
semi-micro Kjeldahl method, total phosphorus (P) content was measured by the method of ammonium
molybdate after digesting with H2SO4-H2O2-HF, and total potassium (K) content was examined
via atomic absorption method. Soil available nitrogen (AN) content was measured using alkaline
hydrolysis distillation method, and available phosphorus (AP) content was determined using the
method of molybdate-blue colorimetry after extracting with NaHCO3. The available potassium
(AK) content was measured on a flame atomic absorption spectrometer using the ammonium acetate
extract. Soil exchangeable calcium (Ca), exchangeable magnesium (Mg), exchangeable Manganese
(Mn), available copper (Cu), available Zinc (Zn), iron (Fe) content were estimated by the atomic
absorption spectrophotometry method. The methods of inductor plasma chromatography and ion
chromatography were used to detect soil boron (B) and chlorine (Cl) content, respectively.
2.3. Soil DNA Isolation, PCR Amplicons Sequencing and Data Processing
Soil DNA was extracted using the Power Soil® DNA Kit (MoBio, Carlsbad, CA, USA) with 0.3 g
fresh soil according to the manufacturer’s instructions. After extraction, the quality of DNA was
examined using 1% agarose gel electrophoresis. PCR reaction was performed on an ABI GeneAmp®
9700 (Applied Biosystems Inc., Foster City, CA, USA) with the TransStart Fastpfu DNA Polymerase
(TransGen Biotech, Beijing, China). The barcoded primer pair set ITS7f and ITS4r primers [42] were
used to amplify the internal transcribed spacer region 1 (ITS1) of the fungal Ribosomal RNA genes,
and the barcoded primer set 515F and 806R [43] was used to amplify the V3-V4 hypervariable regions
of bacterial 16S Ribosomal RNA genes. We did three PCR replicates for each sample, mixed the
three replicated PCR products, and then purified the products with AxyPrepDNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA). The purified PCR products were quantified using
QuantiFluor™ -ST (Promega, USA) and mixed proportionally according to the sequencing quantity
of each sample. The metagenomic library was constructed with the TruSeqTM DNA Sample Prep
Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions before sequencing.
Sequencing of the library was performed on the Illumina Miseq platform at Majorbio BioPharm
Technology Co., Ltd. (Shanghai, China).
The quality of raw sequences was checked using the Quantitative Insights into Microbial Ecology
(QIIME) pipeline (version 1.17). Briefly, the sequences with more than 200 bp without any ambiguous
base calls and had an average quality score > 20 passed the quality check. After removing the
repeated sequences, the unique high-quality sequences were clustered using the Usearch (version 7.0
http://drive5.com/uparse/) to obtain the operational taxonomic units (OTUs) based on 97% identity.
The representative sequence for each OTU was selected with QIIME (http://qiime.org/scripts/split_
libraries_fastq.html) and assigned taxonomic information using Mothur against the UNITE 7.1 (ITS,
http://unite.ut.ee/index.php) database for fungi and the Ribosomal Database Project (RDP) classifier
(http://rdp.cme.msu.edu/) for bacteria.
2.4. Stochastic and Deterministic Processes Determination
The relative importance of stochastic and deterministic processes that drive microbial assembly
was quantified by examining the turnover in phylogenetic composition, as proposed by the analytic
framework of Stegen et al. [1]. In our case, the phylogenetic composition turnover of bacterial and
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fungal communities among samples was calculated in each plantation. Briefly, the between community
version of the β-mean-nearest taxon distance (βMNTD) was used to quantify the phylogenetic distance
between each OTU within a certain community and its closest relative in another community [44].
Then, a randomization of the phylogenetic composition was performed by shuffling species names
and abundances across the phylogeny tips 999 times. Meanwhile the βMNTD was recalculated
999 times to generate a null distribution of βMNTD values, which were compared to the observed
value. The difference between the mean of the null distribution and the observed βMNTD was the
β-nearest taxon index (βNTI), with a value >+2 or <−2 denoting significantly greater or less observed
phylogenetic turnover than expected. We divided the number of pairwise comparisons with |βNTI| <
2 by the total number of all pairwise to get the fraction of stochastic processes. All the analyses were
completed using R v.3.5.1 [45] with the package ‘picante’.
2.5. Microbial Network Analysis
Species co-occurrence networks were constructed separately for bacterial and fungal communities
based on the OTU tables for each plantation. The construction of networks were carried out using the
Molecular Ecological Network Analyses pipeline (http://ieg2.ou.edu//MENA/) with the following steps
according to Zhou et al. [24] and Deng et al. [25]: (1) data standardization by square-root transformation
of the OUT table, (2) data submission and pair-wise similarity calculation, for this a link between
OTU (operational taxonomic unit, also node) pair was constructed if the correlation between their
abundance was larger than the similarity threshold, (3) network structure randomization according to
a random matrix theory (RMT)-based approach to get the adjacent matrix. The empirical and random
network properties were obtained after conducting all the processes. Average degree indicates the
degree of connectivity among OTUs in the network. Clustering coefficient evaluates the trend of
connection between node neighbors. The geodesic distance represents the number of edges (shortest
path length) between the connections of any two nodes. A group of highly interconnected nodes with
few connections outside the group form a network module, and to which extent the nodes attain more
links within their own modules than expected for random linkages was assessed by the property of
modularity. Visualization of network structure was performed using Cytoscape v.3.6.0 according to the
instruction (http://manual.cytoscape.org/en/stable/). The topological role of each node was determined
based on its within-module connectivity (Zi) and among-module connectivity (Pi) [46]. According to
the simplified criteria as described by Olesen et al. [47], the nodes in a network can be classified into
four groups. Briefly, the nodes with Zi > 2.5, which are highly connected within modules, are module
hubs. The nodes with Zi > 2.5 and Pi > 0.62, which are highly connected within the entire network,
are network hubs. Nodes with Pi > 0.62 are connectors that are highly connected to modules, and the
nodes with Zi < 2.5 and Pi < 0.62 are peripherals which always linked to the nodes within their own
modules without outside links.
2.6. Statistical Analysis
All the statistical analyses were carried out using R v.3.5.1 with the package ‘vegan’. Differences
of microbial α-diversity and soil properties along soil profile (0–50 cm) or among plantations were
compared with one-way analysis of variance (ANOVA). Tukey’s HSD multiple comparisons were
used if the ANOVA result was significant. Spearman correlation analyses was performed to examine
the relationships between the abundance of specific microbial taxa and soil properties. Microbial
structure patterns in the four plantations were visualized via non-metric multidimensional scaling
(NMDS) ordination based on the taxonomic (Bray-Curtis) and phylogenetic (Unweighted Unifrac)
dissimilarities. Differences in microbial structure were tested with the non-parametric multivariate
analysis of variance (Adonis) and analysis of similarity (ANOSIM). Redundancy analysis (RDA) and
canonical correspondence analysis (CCA) were used to explore the relationships between the variation
of microbial structure and soil physiochemical variables, and the relationship significance was tested
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with the function ‘envfit’. Variance inflation factor (VIF) for each environmental variable was calculated
before doing RDA and CCA to remove the variables with high collinearity.
3. Results
3.1. Soil Properties
Soil pH value and content of SOC, P, AN, AP, Ca, Cu and Zn were higher in RP than those in
the EP while K and Cl content was lower in RP compared to EP (p < 0.05, Figure S2). Moreover,
the K content increased while Mg and Cu content declined markedly from the 2-year-old EP to the
4-year-old EP (Figure S2). Soil pH increased significantly from 3-year-RP to 5-year-RP. Most of the soil
properties showed a stronger variation along the soil depth (0–50 cm) in EP than in RP. For instance
in the EP-2-year, soil pH value and content of K, Mg, Zn, Fe and Mn were significantly higher in
the subsoil (30–50 cm) compared with those in topsoil (0–10 cm), whereas the SOC, N, AN and B
content declined significantly with increasing in soil depth (Figure S2). Concluding, soils from RP
were characterized by higher nutrient content compared with those from EP, whereas the variations of
soil nutrient content along with plantation age and soil depth were larger in EP.
3.2. Microbial Community Diversity and Structure
A total of 2,055,300 and 2,444,146 high-quality bacterial and fungal sequences were obtained from
36 sequenced composite samples (9 per planation), respectively. The bacterial sequences were clustered
into 3191 operational taxonomic units (OTUs) and fungal sequences were grouped into 3647 OTUs
based on 97% sequence similarity.
The Chloroflexi, aerobic thermophilic bacteria, was the most abundant bacterial phylum,
accounting for 36–51% of the total sequences from the four plantations, with the highest relative
abundance present in EP-2-year. Proteobacteria, a major phylum of gram negative bacteria, was the
second abundant bacterial phylum comprising 12–21% of the total sequences. Actinobacteria, a major
phylum of gram positive bacteria, accounted for 12–20% of the total sequences, and Acidobacteria
accounted for 11–16% of the total sequences (Figure 1A). Further, the relative abundance of Chloroflexi
showed an increasing trend along the depth of soil profile (0–50 cm), whereas the Actinobacteria
and Proteobacteria were more abundant in the topsoil (0–10 cm) than that in the subsoil (30–50 cm)
(Figure 1A). The dominant fungal phylum in EP was Basidiomycota (48–54% of the total sequences),
and that in the RP was Ascomycota (72–82% of the total sequences) (Figure 1B). Nevertheless, the relative
abundance of Ascomycota decreased markedly along the soil depth (0–50 cm) in the EP-4-year and RP
(Figure 1B). Balancing the general decline in Ascomycota, the relative abundance of Zygomycota and
unclassified fungi increased with soil depth. Spearman correlation analyses revealed that the relative
abundance of Chloroflexi and Basidiomycota was positively correlated with soil K and Cl content,
while negatively related to soil SOC, N and P content. However, the abundance of RP-dominated
fungal phyla (i.e., Ascomycota) was positively related to soil SOC, N and P content (Figures S4 and S5).
Generally, the difference of soil fungal community composition between EP and RP was much greater
than that of bacterial community composition at the phylum level, as indicated by a shift of dominant
group from Basidiomycota in EP to Ascomycota in RP and an obviously higher relative abundance of
Zygomycota in RP.
The Shannon and phylogenetic α-diversity of both bacterial and fungal communities differed
distinctly among the four plantations (p < 0.001, Figure 2), but no significant differences were found
with respect to soil depth (Figure 2). Both the α-diversity estimators for soil from RP were higher than
those from EP. Comparisons of soil microbial communities’ structure among plantation types and
soil layers were performed based on the Bray Curtis and Unweighted Unifrac dissimilarities of OTUs
by using NMDS and PCoA, respectively (Figure 3 and Figure S6). The taxonomic and phylogenetic
structure of bacterial and fungal communities differed substantially among the studied plantations, as
indicated by the results of the significant tests via ADONIS and ANOSIM (Tables S1–S4). As a result,
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soil samples showed clear separation of community composition between RPs and EP (Figure 3 and
Figure S6). The community compositional separation between RP and EP was greater for fungi than
for bacterial (Figure 3).

Figure 1. Percent of microbial communities’ abundance on phylum level along three soil depth (0–10 cm,
10–30 cm, 30–50 cm) under 2-year-old and 4-year-old Eucalypt plantations (EP-2-year and EP-4-year)
and 3-year-old and 5-year-old Rubber plantations (RP-3-year and RP-5-year). (A), percent of the top
bacterial phyla abundance. (B), percent of the top fungal phyla abundance. The phyla with abundance
less than 0.01 percent were defined as others.

Figure 2. The α-diversity of soil bacterial and fungal communities along three soil depth (0–10 cm,
10–30 cm, 30–50 cm) under 2-year-old and 4-year-old Eucalypt plantations (EP-2-year and EP-4-year)
and 3-year-old and 5-year-old Rubber plantations (RP-3-year and RP-5-year). AB, the taxonomic
diversity indicated by Shannon Wiener index. CD, the phylogenetic diversity indicated by Faith’s
Phylogenetic α-Diversity index. Lowercase letters above the grouped bars indicate the differences
among the four plantations. F-statistic and p values (df = 8) represent the overall difference of the four
plantations based on one-way ANOVA analysis.
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Figure 3. Non-metric multidimensional scaling (NMDS) ordination and principal coordinates analysis
(PCoA) showing the structure differences of soil bacterial (AC) and fungal (BD) communities among
the four Rubber and Eucalypt plantations (EP-2-year, EP-4-year, RP-3-year, RP-5-year). The NMDS
analysis was performed based on Bray-Curtis dissimilarity matrix, and the PCoA was conducted with
the Unweighted Unifrac dissimilarity matrix.

We examined the influence of environmental variables on microbial community structure via
constrain ordination analyses (CCA and RDA). In EP, both bacterial and fungal community structure
was related to high soil K and Cl content, whereas in RP, the microbial community structure was
positively related to AN, AP, AK and Mg content (see the insert tables in Figure 4). However, only
14.32% of the total variance in fungal structure and 54.95% of the total variance in bacterial structure
could be explained by the first two constrained ordination axis (Figure 4A,B). We further calculated the
relative contributions of stochastic and deterministic processes on bacterial and fungal assembly based
on the taxonomic and phylogenetic metrics, which identified the most important ecological processes
in shaping the soil microbial community assembly in the different plantations. In RP, deterministic
processes played a considerable role in explaining bacterial community compositional assembly
variation, and the explanatory power of deterministic processes increased from 33% in the 3-year-old
plantation to 47% in the 5-year-old plantation (Figure 5A). In EP, however, deterministic processes
contributed much less in explaining the variation in patterns of bacterial community assembly, ranging
from 8% in the 2-year-old plantations to 19% in the 4-year-old plantations (Figure 5A). Regarding
fungal community, only 8–14% of the variation in community assembly could be explained by the
deterministic assembly processes, with a higher portion of community compositional variation being
explained in the RP (11–14%) than that in the EP (8–10%) (Figure 5B). In general, although soil microbial
structure showed significant associations with soil properties, the main influential factors of microbial
community assembly are stochastic in both RP and EP.
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Figure 4. Constrained ordination analysis of microbial communities in 2-year-old and 4-year-old
Eucalypt plantations (EP-2-year and EP-4-year) and 3-year-old and 5-year-old Rubber plantations
(RP-3-year and RP-5-year). (A) Redundancy analysis (RDA) of bacterial community composition
and environmental attributes. (B) Canonical correspondence analysis (CCA) of fungal community
composition and environmental attributes. The relationships between soil variables and the two axes
were indicated in the insert tables. Soil total nitrogen (N), total potassium (K), available nitrogen (AN),
available phosphorus (AP), available potassium (AK), magnesium (Mg), manganese (Mn), iron (Fe),
boron (B), and chlorine (Cl) were selected in the RDA and CCA model after excluding the variables
with high variance inflation factor (>10).

Figure 5. The relative contributions of environmental selection and stochastic processes on soil
microbial community assembly in 2-year-old and 4-year-old Eucalypt plantations (EP-2-year and
EP-4-year) and 3-year-old and 5-year-old Rubber plantations (RP-3-year and RP-5-year). (A) The
relative contributions of stochastic and deterministic processes on bacterial community assembly.
(B) The relative contributions of stochastic and deterministic processes on fungal community assembly.

3.3. Microbial Community Networks
The bacterial networks in EP contained less nodes (OTUs in this study) but more links than those
in the RP (Figure 6, Table S5). The average connectivity and clustering coefficient were higher in the
bacterial networks from EP, whereas the average path distance, geodesic distance and modularity were
greater in the bacterial networks from RP (Table S5). These results indicate that bacterial structure
under Rubber trees is more modular, while the interspecies connection is more intense under Eucalypt
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trees. In contrast, the fungal nodes connected more intensively in RP, but structured more modularly
in EP (Figure 7, Table S6). Overall, the network structure of both soil bacterial and fungal communities
was dramatically different between EP and RP. The effects of plantation age on network structure was
overwhelmed by the effects of plantation type, suggesting a sensitive response of microbial network to
the dominant tree species in planted forests.

Figure 6. Soil bacterial species co-occurrence networks in the studied plantations. (A,B) Structure
of the networks in 2-year-old and 4-year-old Eucalypt plantations (EP-2-year and EP-4-year). (C,D)
Structure of the networks in 3-year-old and 5-year-old Rubber plantations (RP-3-year and RP-5-year).
The taxonomic affiliation of each operational taxonomic unit (OTU) is specified to phylum, using node
color, and the node size is proportional to its connectivity. The blue lines between each two-node
structure indicate positive interactions, while blue ones indicate negative interactions.

The topological roles of the nodes in networks were identified from the Zi-Pi plot. The majority of
the nodes in both bacterial (~99% of the total nodes) and fungal (97–100% of the total nodes) networks
were classified as peripheral, and they were highly connected within their own modules (Figure 8).
A total of ten nodes from bacterial networks acted as module hubs and connectors, but the number
of these nodes and their taxonomic affiliations differed among the four plantations. For example,
in the EP-2-year, only one node belonging to Acidobacteria acted as module hub, and four nodes
belonging to Acidobacteria, Actinobacteria, Planctomycetes and Proteobacteria were identified as
connectors (Figure 8A). In the EP-4-year, two nodes affiliating to Actinobacteria were categorized into
module hubs and two nodes belonging to Chloroflexi were identified as connectors (Figure 8A). In the
RP-3-year, six nodes assigned to Proteobacteria, Actinobacteria and Firmicutes were grouped into
module hubs and connectors (Figure 8B). Five and three nodes belonging to Chloroflexi, Proteobacteria
and Actinobacteria were identified as module hubs and connectors in the RP-5-year (Figure 8B). Most of
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the identified module hubs and connectors for EP were positively correlated with soil K, Cl and Mn
content, while negatively related to Mg, AK, AP, AN and N content (Figure 9A). The module hubs and
connectors from RP, however, were generally supported by high Mg, AK, AP, AN and N content and
low K and Cl content, except OTU956, OTU1326 and OTU493 (Figure 9A). Regarding fungal networks,
only the network from RP-5-year had two nodes identified as module hubs and four connectors, which
belonged to Ascomycota (Figure 8B). Moreover, the fungal network module hubs and connectors
from RP-5-year were positively correlated with Mg, AK, AP, AN, and N content, while negatively
related to Cl and K content (Figure 9). This was consistent with the constrained ordination results
showing contrasting environmental associations with microbial community structure between EP and
RP. In general, soil microbial networks in RP contained more keystone species than those in EP, which
may lead to a more effective organization of species connections in networks from RP as regulated by
more module hubs and connectors. The relationships of keystone species and soil properties were
different between EP and RP, which to a certain extent indicated that the dominant factors shaping soil
microbial networks were specific in EP and RP.

Figure 7. Soil Fungal species co-occurrence networks in the studied plantations. (A,B) Structure of the
networks in 2-year-old and 4-year-old Eucalypt plantations (EP-2-year and EP-4-year). (C,D) Structure
of the networks of 3-year-old and 5-year-old Rubber plantations (RP-3-year and RP-5-year). The
taxonomic affiliation of each OTU is specified to phylum, using node color, and the node size is
proportional to its connectivity (i.e., degree). The red lines between each two-node structure indicate
positive interactions, while blue ones indicate negative interactions.
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Figure 8. Topological roles of OTUs in the bacterial and fungal co-occurrence networks as indicated by
the Zi-Pi plot. (A,C) The Zi-Pi plot of soil bacterial and fungal networks in 2-year-old and 4-year-old
Eucalypt plantations (EP-2-year and EP-4-year). (B,D) The Zi-Pi plot of soil bacterial and fungal
networks in 3-year-old and 5-year-old Rubber plantations (RP-3-year and RP-5-year). Network module
hubs and connectors represent keystone taxa and are labeled with their OTU numbers and taxonomic
affiliations. The nodes with Zi > 2.5 are identified as module hubs, and those with Pi > 0.62 are
connectors. The network hubs are determined by Zi > 2.5 and Pi > 0.62, and the peripherals are
characterized by Zi < 2.5 and Pi < 0.62 [47].

Figure 9. Spearman correlation heatmaps showing the relationships between soil microbial network
keystone taxa and soil physiochemical variables. (A) The relationships between soil bacterial network
keystone taxa and soil physiochemical variables. (B) The relationships between soil fungal network
keystone taxa and soil physiochemical variables. Asterix indicates significant correlations at the
p < 0.05 level.
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4. Discussion
4.1. Microbial α-Diversity and Structure and Relationships to Soil Properties in Rubber and
Eucalypt Plantations
Clarifying soil microbial community attributes and assembly processes in monoculture plantations
are critical in understanding the effects of forest-to-plantation conversions on soil microorganisms and
their functional potentials. Here, we found that soil bacterial taxonomic α-diversity (Shannon Wiener
index) in EP-2-year was significantly lower than in the other three plantations. A previous study showed
no difference in soil bacterial Shannon diversity between Rubber and Eucalypts plantations either in
dry season or in wet seasons [37], which was partly in disagreement with our results. Perhaps the
difference in plantation age between the previous and this study contribute to this controversial result,
since the diversity of soil microbial communities varied substantially with the succession of Eucalypts
plantations [36]. The fungal Shannon diversity, however, was significantly lower in EP than in RP,
regardless of plantation age. This suggested that the taxonomic α-diversity of soil bacterial community
was more sensitive to dominant tree species than tree age in monoculture plantations. Regarding the
phylogenetic α-diversity (Faith’s Phylogenetic index), both bacterial and fungal communities had a
lower value in EP than in RP. In contrast to the Shannon diversity, phylogenetic α-diversity of fungal
community was more responsive to plantation age than bacterial community, as indicated by a greater
value in EP-4-year than in EP-2-year. The overall higher microbial α-diversity in RP might be associated
with the greater soil nutrients content in RP than those in EP (Figure S2). Although declines in soil
nutrients in monoculture plantations has been widely recognized, Eucalypt and Rubber trees generally
exert different effects on the soil fertility and may provide distinct niches for soil microbes. The quality
and quantity of litterfall from RP, especially in older plantations, is comparable to that of undisturbed
natural forests [48,49]. A recent study further demonstrated that litter decomposition rates increase
with RP age, potentially leading to an improvement of soil quality in older plantations [32]. In contrast,
soil nutrients levels decline dramatically after the establishment of Eucalypt plantations, which has
been proposed to be related to their poor-quality and highly recalcitrant litterfall [50,51]. In congruence
with these previous results, we found greater soil C, N and P content in RP than in EP (Figure S2).
Higher levels of soil nutrients and faster litter decomposition and turnover dynamics may provide a
broader range of environmental niches, and hence support more diverse microbial communities.
Bacterial and fungal structure based on both taxonomic and phylogenetic matrices was strongly
affected by the plantation type and age but not soil depth (Figure 3). The constrained ordination
analyses showed that microbial structure was mainly affected by soil total K in EP while by soil
available nutrients (i.e., AN, AP, and AK) in RP. The similar community structure along the 0–50
cm soil profile in RP possibly resulted from the similar available nutrient content along soil depth
(Figure S2). Although in EP soil total K varied markedly with soil depth (0–50 cm), its variation is
insufficient to cause microbial community shifts in comparison to the amount of variation of soil total
K among the plantations (Figure S2). Moreover, the similar soil microbial community along 0–50 cm
could be partly attributed to the homogeneity of the vertical soil environments caused by the root
exudates, as the roots of the dominant trees can reach a depth of more than 50 cm. Although we tried
to avoid the root areas during sample collection, some fine roots were still present in the samples.
Thus, the effects of root systems could not be totally removed. Microbial community attributes in
deeper soil environments need to be investigated to explore the vertical variation in RP and EP in
future studies. The constrained ordination analyses illustrate how microbial community structure in
RP varies in relation to soil available nutrients content, whereas the microbial community structural
variation in EP is probably driven by soil nutrient limitations. Looking at the soil microbial community
composition at phylum level, the EP had a higher relative abundance of Chloroflexi and Basidiomycota,
and their relative abundance was negatively correlated with soil AN, AP and AK content. In contrast,
the phyla that positively related to soil available nutrients and were more abundant in RP, including
Actinobacteria, Gemmatimonadetes, Ascomycota and Zygomycota (Figure 1, Figures S4 and S5). It was
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surprising that soil pH had little effect on soil microbial structure despite a significant difference in
soil pH among the four plantations. This result was inconsistent with recent studies demonstrating
that pH played a decisive role in shaping soil microbial communities in both Rubber and Eucalypts
plantations [34,35,52]. One reason for this might be that the soil pH value in this study was less likely
to impose stress on soil microorganisms, as the average pH (5.0) in our study site is relatively higher
than that in the recent studies (4.0–4.6). Interestingly, we found a significant positive correlation
between microbial structure and soil total K content in EP. This has not been evidenced previously,
even though K is required for many plants and microorganisms to maintain essential metabolisms,
such as photosynthesis, ATP production, sugars translocation, starch production, nitrogen fixation
and protein synthesis [53]. The effects of K deficiency on plants are mainly indirect and limit the
plant use of other nutrients. For example, it has been proved that increased K allows for rapid
assimilation of N and P in the plants [54]. Similarly, a continuous K supply in the degraded soils
in EP may alleviate nutrient limitations by accelerating plant uptake of other available nutrients
or by improving the efficiency of plant nutrients’ use. In this case, Eucalypt trees may shift soil
microbial composition towards a community that has a high ability to mobilize soil K. For instance,
Burkholderia spp., which is able to release K from K-bearing minerals by excreting organic acids [53],
was found in a much higher relative abundance in the EP sites (0.71%) than in the RP sites (0.09%).
Furthermore, we found a positive correlation between soil total K content and microbial structure in
EP. Another explanation for the different fungal composition between RP and EP might be the distinct
mycorrhizal status of their dominant tree species. It has been suggested that Eucalypt is mainly an
ectomycorrhizal species [55–57]. Accordingly, the fungi belonging to Basidiomycota phylum, which
can form mycorrhizal symbiosis with plants, dominated in EP (Figure 1B). The Rubber trees, however,
largely form arbuscular mycorrhiza with fungi belonging to Zygomycota [58], resulting in a higher
relative abundance of Zygomycota in RP than in EP (Figure 1B). However, together with poor litter
quality, the slow rates of litter decomposition, the low availability of nutrients in EP, competition
between soil microorganisms and plants for nutrients is very high, which potentially depletes soil
nutrient pools over time. This may be one mechanism underling the observed severe soil degradation
in established EP. For RP, however, greater soil nutrients availability can increase microbial nutrients
assimilation and enlarge soil microbial nutrients pools, which can potentially serve as plant-available
nutrients after being released from microbial cells [59].
4.2. Microbial Assembly Processes in Rubber and Eucalypt Plantations
In contrast to our hypothesis that the distinct soil microbial assembly patterns in EP and RP
are primarily governed by environmental selections, a considerable portion (53–92%) of microbial
assembly variation was attributed to stochastic processes. Lan et al. [34,37,38] recently found that
14–50% of the total variance of soil microbial composition in Rubber plantations in tropical China could
be explained by environments, which was in agreement with our results. We further proposed that
the undetermined processes, for instance, birth and death rate, dispersal limitation and drift played a
stronger role in regulating soil microbial assembly than deterministic processes at the initial stage of
conversions of forest to Rubber and Eucalypt plantations. This was in consistent with the findings
from Goss-Souza et al. [10] showing a dominant role of stochastic processes (i.e., dispersal) in shaping
soil microbial assembly along the chronosequence of forest-to-agriculture conversion. The increased
environmental homogeneity due to the reduction in plant diversity and the intensive disturbance of
forest-to-plantation conversions might result in an increased stochastic process frequency, and might
therefore be important [60]. Since fungal communities have stronger correlations with plant composition
than bacterial communities do [61,62], plant diversity losses presumably affect fungal communities
more, leading to more unpredictability in their assembly patterns. The relative contribution of
deterministic processes on microbial assembly variation was higher in RP than in EP, which was
consistent with our results showing a stronger constraint of microbial structure by soil properties in RP
than in EP (Figure 4A,B). Perhaps the fast rate of litter decomposition and relative increased availability
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of soil nutrients in RP acted as environmental filter that select microbial community. If so, then the
coexisting bacterial taxa would be more closely related due to stronger environmental selection [63].
Thus, the bacterial community should be more phylogenetically conserved in the evolution over time
in RP than in EP.
4.3. Linking Microbial Species Co-Occurrence Networks to Assembly Processes
To further clarify the species co-occurrence and interspecies interactions in response to different
microbial community assembly processes, bacterial and fungal networks were analyzed in each
plantation. Bacterial species interlinked more intensively in the nutrient-poor EP, reflecting stronger
species interactions (either competition and/or collaboration) within the community (Figure 6). Instead,
a more modular bacterial network presented in the RP, which increased the complexity of interspecific
interactions within the whole community. In highly modular species networks, the community
is stable with an ordered structure, and it is highly efficient at exchanging energy, material and
information [19]. Moreover, the keystone taxa (module hubs and connectors), which played a decisive
role in governing the whole network structure [25,64], were mostly positively correlated with soil
available nutrients (i.e., AN, AP, AK) in RP, while only being associated with total K in EP. Compared
with bacterial networks, the fungal networks’ structure was looser and the species interactions were
weaker, with only five keystone taxa identified in the RP-5-year (Figures 7 and 8, Table S6). Again,
the substantial losses in plant diversity after forest-to-plantation conversions probably disrupt soil
fungal community organization and species interconnections, resulting in a highly stochastic manner
of community assembly. This explanation fits with the result showing a relatively high contribution of
stochastic processes (86–92%) in shaping fungal community structure. The bacterial community was
more sensitive to soil nutrients variations than the fungal community was in both EP and RP, and thus
it may offer critical feedback regarding the on-going disturbances caused by these plantations. Overall,
these findings indicate that besides diversity and structure, bacterial and fungal communities can
regulate their co-occurrence networks and the keystone taxa partly in response to the environmental
selection forces imposed by forest conversion to plantations. In congruence with our hypothesis,
soil microbial community α-diversity and community network modularity decrease to a greater degree
in Eucalypt than in Rubber plantations in response to the stronger damages to soil fertility caused by
Eucalypt plantations.
5. Conclusions
We combined the microbial diversity, structure and species co-occurrence networks with
community assembly processes to provide a comprehensive understanding of soil bacterial and
fungal communities in Eucalypt and Rubber plantations of tropical China. Both bacterial and fungal
communities are strongly affected by soil available nutrients (i.e., AN, AP and AK) in RP, thus they
responded in a more predictable manner by forming better organized and more robust networks to
adapt to changes in these nutrients. Microbial communities in EP were mainly influenced by soil
total K. However, environmental selection imposed by the high total K content was overweighed by
stochastic processes, especially for the fungal community assembly. Generally, the bacterial phyla of
Chloroflexi, Planctomycetes, Proteobacteria and fungal phyla of Basidiomycota and Rozellomycota
prefer the high soil total K environment in EP, and these taxa may in turn be capable of immobilizing K
and resisting low nutrients availabilities. However, the bacterial phyla of Acidobacteria, Actinobacteria,
Firmicutes, Gemmatimonadetes and fungal phyla of Ascomycota, Chytridiomycota, Glomeromycota
and Zygomycota probably play a key role in soil C, N and P accumulation and transformations in RP.
Our results suggest that Eucalypt and Rubber plantations form a specific soil microbial structure and
network by regulating the relative role of multiple microbial community assembly processes.
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