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A B S T R A C T

Plant interactions and feedbacks with soil microorganisms play an important role in sustaining the functions and
stability of terrestrial ecosystems, yet the effects of tree species diversity on soil microbial community in forest
ecosystems are still not well understood. Here, we examined the effects of tree species richness (1–12 species)
and the presence of certain influential tree species (sampling effect) on soil bacterial and fungal communities in
Chinese subtropical forests, using high-throughput Illumina sequencing for microbial identification. We ob-
served that beta rather than alpha diversities of tree species and soil microorganisms were strong coupled.
Multivariate regression and redundancy analyses revealed that the effects of tree species identity dominated over
tree species richness on the diversity and composition of bacterial and fungal communities in both organic and
top mineral soil horizons. Soil pH, nutrients and topography were always identified as significant predictors in
the best multivariate models. Tree species have stronger effect on fungi than bacteria in organic soil, and on
ectomycorrhizal fungi than saprotrophic fungi in mineral topsoil. Concluding, tree species identity, along with
abiotic soil and topographical conditions, were more important factors determining the soil microbial com-
munities in subtropical forests than tree diversity per se.

1. Introduction

Investigating the linkages between above- and below-ground bio-
diversity has long been a hot topic of ecological studies, because the
interplay between the two components drives the functions and stabi-
lity of terrestrial ecosystems (Hooper et al., 2000; Wardle et al., 2004).
As an important colonizer of belowground habitats, soil microorgan-
isms (bacteria and fungi) influence plant diversity and productivity
(van der Heijden et al., 2008). Conversely, soil microorganisms are
affected by the plant communities as microorganisms depend on the
products of plant photosynthesis: litter and rhizodeposits (Wardle,
2006; Blagodatskaya et al., 2009; Prescott and Grayston, 2013). How-
ever, less is known about the contribution and underlying mechanisms
of plant diversity in driving the diversity and composition of soil mi-
crobial communities in the field, particularly in forest ecosystems.

Increasing plant diversity generally increases the soil microbial di-
versity, with most case studies occurring in temperate grasslands

(Pellissier et al., 2014; Chen et al., 2017; Yang et al., 2017) or tropical
forests (Peay et al., 2013; Hiiesalu et al., 2017). General explanation is
that plant richness diversifies the resource pool, and creates more
spatial niches that can accommodate a greater diversity of soil micro-
organisms (the complementary effect) (Hooper et al., 2000; Waldrop
et al., 2006). Meanwhile, it has been also suggested that soil micro-
organisms depend more on the certain influential plant species - key
species, which affect soil microbial communities through specific traits,
than on plant richness per se (Scheibe et al., 2015; Tedersoo et al., 2016;
Gunina et al., 2017). The influence of a particular species is termed as
taxonomic sampling effect (Huston, 1997), which is ubiquitous in
natural and experimental systems and often masks the effect of biodi-
versity per se (Cardinale et al., 2006; Tedersoo et al., 2014a). Increasing
plant richness has a higher chance to contain key plant species or their
decreasing relative abundance. Therefore, the observed changes in the
soil microbial communities along plant diversity gradient may be
caused by plant richness per se or by the presence and abundance of
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certain key species. Most biodiversity experiments have employed small
model systems with fast-growing primary producers, in particular
herbaceous plants. We assume that the plant species effects are stronger
in forests compared to the grasslands, as 1) forests harbor the largest
and longest lived tree species on land (Bruelheide et al., 2014), 2)
spatial scale of the effects of individual trees is much larger than of
individual grasses and consequently the overlapping effects are less,
and 3) the roots of most trees are associated with ectomycorrhiza,
which has much longer hyphae compared to arbuscular mycorrhiza
common for grasses. Many of the ecological surveys and experiments
failed to separate the hidden sampling effect from diversity effect per se
(Tedersoo et al., 2014a, 2016). Consequently, it is still poorly under-
stood whether the soil microbial communities in forest ecosystems are
influenced to a larger extent by tree species richness per se or by tree
species identity.

Despite a well-established concept and evidence for strong coupling
of plant and soil microbial diversity, these effects remain elusive.
Tedersoo et al. (2014b) found only a weak, indirect relationship be-
tween soil fungal richness and plant richness over the globe. Similarly,
Prober et al. (2015) also found no consistent relationship between plant
and soil microbial richness across 25 temperate grassland sites from
four continents. The differences in soil types and properties as well as
plant communities examined across large scales hide the plant diversity
effects. Interactions of plant-soil biota mainly occurred at local or re-
gional scale over short time (Toju et al., 2014; Peay et al., 2016), but
the coevolution is ongoing on much larger spatial and temporal scales.
Thus, studies over large scales may not be well suited to address subtle
links between plant and soil microbial diversity. Moreover, a number of
field-based surveys indicated that soil microbial communities are ac-
tually poorly predicted by plant diversity, while some abiotic en-
vironmental factors such as soil pH and organic matter as well as to-
pography were the more significant ecological drivers (Lauber et al.,
2009; Bahram et al., 2012; Ding et al., 2015). This means that potential
impacts of plant diversity may also be masked by abiotic environmental
factors, which vary across experimental field sites. Because biotic and
abiotic factors often covary (Qiu et al., 2018), it is important to dis-
entangle the influences of plant diversity from the effects of abiotic
factors.

In this study, we examined soil microbial community composition
and diversity along a gradient of tree species richness in typical sub-
tropical forests in southern China. The studied subtropical forests were
developed from natural restoration of the destroyed forests since fire-
wood collection was forbidden in the late 1950s, and now consisted of
diverse tree species including coniferous Pinus massoniana, deciduous
broadleaved Choerospondias axillaris and evergreen broadleaved species
(e.g. Lithocarpus glaber and Cyclobalanopsis glauca). These secondary
forest stands are essential to maintain ecosystem functions in subtropics
(Xiang et al., 2013). By using the high-throughput Illumina sequencing,
we aimed to disentangle the relative roles of 1) tree species richness, 2)
sampling effects as well as 3) edaphic and topographical variables on
diversity and community composition of bacteria and fungi in organic
and mineral topsoil. We hypothesized that: (1) soil bacterial and fungal
diversities are positively related to tree species diversity, whether alpha
or beta diversity. Here, microbial alpha diversity is defined as the
number of operational taxonomic units (OTUs) of each sample, while
beta diversity is defined as microbial community compositional pair-
wise dissimilarity between quadrats (Yang et al., 2017). (2) The tree
species diversity affects on soil microbial richness and composition by
taxonomic sampling effect rather than richness per se, when accounting
for abiotic environmental factors. Here, the sampling effect is taken into
account by using model selection, incorporating certain key species as
dummy variables (Tedersoo et al., 2016). (3) The effects of tree species
are stronger for fungi than bacteria, and for biotrophic fungal guilds
(ectomycorrhizal fungi) that directly interact with tree species than
saprotrophic fungal guilds that are affected by tree species indirectly.
Current methods allow researchers to analysis entire soil fungal

communities not just one functional guild (Nguyen et al., 2016a), and
thus differences among fungal functional guilds in their response to
plant diversity effects might be expected.

2. Materials and methods

2.1. Study site and experiment design

The study was carried out at Dashanchong Forest Park (28°23′58″-
28°24′58″N, 113°17′46″-113°19′08″E), Changsha County, Hunan
Province. This area is experiences a humid mid-subtropical monsoon
climate, with altitudes ranging from 55 to 260m above mean sea level,
a mean annual air temperature of 17.3 °C and a mean annual pre-
cipitation of 1416mm (Ouyang et al., 2016). The soil is a well-drained
clay loam red soil developed on slate and shale rock, classified as Alliti-
Udic Ferrosols, corresponding to Acrisol in the World Reference Base
for Soil Resource (IUSS Working Group WRB, 2015). Evergreen
broadleaved forest is the climax vegetation of this region. Because of
historical human disturbances and left for natural regeneration, the
Park has no primary forest and possesses a range of secondary forests
dominated by different tree species, including (1) P. massoniana-L.
glaber coniferous and evergreen broadleaved mixed forests (PMF)
dominated by the shade-intolerant coniferous species, (2) C. axillaris
deciduous broadleaved forests (CAF) dominated by shade-intolerant
deciduous broadleaf species, and (3) L. glaber-C. glauca evergreen
broadleaved forests (LGF) dominated by the shade-tolerant evergreen
broadleaved species which commonly observed in this Park.

Three 1.0-ha permanent plots were previously established for the
three typical secondary forest stands in this Park, respectively (Xiang
et al., 2013). Each 1.0-ha plot was divided into 100 equally distributed
10× 10m subplots for a field census. The locations of individual trees
within each subplot were tagged and identified, diameter at breast
height (DBH), height (H), and basal area (BA) of all tree species with
DBH≥ 4 cm were measured. We calculated the mean value of the re-
lative elevation (m) at the four corners (using the elevation of original
location of X and Y coordinates in each plot as the reference point on
the ground) to reflect topography of each subplot. Detail information of
stand characteristics of the three 1.0-ha plots refer to our previous
studies (Table S1, Zhu et al., 2016). According to the experimental
methods described by Leuschner et al. (2009), we then selected non-
neighboring subplots within each 1.0-ha plot as much as possible to
avoid spatial autocorrelation and edge effects. Finally, a total of 94
quadrats were selected from the three 1.0-ha plots to form a diversity
gradient with a range of 1–12 tree species richness (Fig. 1; Table S2).

2.2. Sample collection and characterization

In October 2016, samples of organic soil (or O horizon) (c.
0.5–3 cm) and mineral topsoil (up to a depth of 10 cm) were collected at
five points (one point at the center and four points equidistant from the
center toward the corners of the subplots) of each subplot. The five
samples from each subplot were pooled to form a composite sample for
further analysis. A total of 188 soil samples were obtained from the 94
subplots. Visible stones, roots and other residues were removed in the
field. Fresh soil samples were kept in a freezer being transported to the
laboratory. For each sample, 500 g of fresh soil were air-dried and
sieved to 2mm for physiochemical analyses, and 200 g of fresh soil
were stored under −80 °C for DNA extraction.

Soil water content was measured by oven-drying the fresh soil
samples at 105 °C for 24 h. Soil pH were measured with a soil to water
ratio of 1:2.5 by an FE20 pH meter (Mettler Toledo, Shanghai, China).
Total nitrogen (N) was determined on an element analyzer (Vario EL III,
Elementar, Germany). Soil organic carbon (SOC) was measured using a
K2Cr2O7 oxidation method as described in Walkley (1947). Soil avail-
able phosphorus (P) concentrations were determined by the
0.05mol L−1 HCl-0.025mol L−1 (1/2 H2SO4) method (Mehlich, 1984).
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Soil C/N ratio was calculated based on SOC and N concentration. Three
parallel measurements were performed for each soil sample to mini-
mize experimental errors. Organic and mineral topsoil physiochemical
properties of the 94 subplots are presented in Table S2.

2.3. DNA extraction, amplification and sequencing

Soil total genomic DNA was extracted from 0.25 g of fresh organic
or mineral topsoil sample using the E.Z.N.A.® soil DNA Isolation Kit
(Omega Bio-tek, Norcross, GA, USA) according to the manufacturer's
instructions. DNA was extracted three times from each soil sample, and
then mixed and homogenized. The quality and concentration of the
extracted DNA were quantified using a NanoDropND-2000c UV–Vis

Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
The primer set 515R/907F was employed to target the V4 and V5

regions of the bacterial 16S rRNA gene, as described by Xiong et al.
(2012). The primer set ITS1F/ITS2 (2043R) was used to amplify the
fungal internal transcribed spacer (ITS) region (Gardes and Bruns,
1993; Bokulich and Mills, 2013). The reverse primer contained variable
length error-correcting barcodes (10–12 bp) unique to each sample to
permit sequencing on the Illumina Miseq platform. PCR amplification
was performed for each soil DNA extract in triplicate and combined into
a single composite sample. The 25 μl PCR reaction mixtures consisted of
12.5 μl Premix Taq (Takara Biotechnology, Dalian, China), 0.5 μl of
each primer (10 μM), 1.5 μl of 10-fold diluted DNA template (1–10 ng),
and 10 μl of sterilized ddH2O. The thermal-cycling conditions were

Fig. 1. Map of the three 1.0-ha secondary forest plots: (a) P. massoniana-L. glaber coniferous and evergreen broadleaved mixed forests, (b) C. axillaris deciduous
broadleaved forests and (c) L. glaber-C. glauca evergreen broadleaved forests. The 94 selected quadrats distributed in the three plots (d, e, f) illustrating different tree
species richness levels.
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94 °C for 5min; 35 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s,
followed by 72 °C for 10min for primers 515R/907F; 94 °C for 3min; 35
cycles of 94 °C for 45 s, 50 °C for 60 s, 72 °C for 60 s, followed by 72 °C
for 10min for primers ITS1F/ITS2. PCR products were gel-purified
using the Wizard SV Gel and PCR Clean-Up System (Promega, San Luis
Obispo, USA). The resultant PCR products were combined at equimolar
concentrations before being sequenced on an Illumina Miseq sequencer
at the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

2.4. Bioinformatic analyses

The obtained raw 16S rRNA and ITS sequence data were processed
using the Quantitative Insights Into Microbial Ecology (QIIME) pipeline
(Caporaso et al., 2010). Briefly, paired-end reads with at least a 10-bp
overlap and<0.2 mismatches were combined using FLASH (Magoс
and Salzberg, 2011), and a threshold of average quality scores > 50
over 20-bp window size was used to trim the unqualified sequences
using BTRIM (Kong, 2011). A joined sequence with ambiguous bases
and lengths< 200-bp were discarded. The obtained sequences were
normalized to the minimum number of reads across all samples for the
downstream analysis. Bacterial and fungal sequences were than in-
dependently clustered into operational taxonomic units (OTUs) at a
97% identity threshold using UPARSE (Edgar, 2013) with the chimeras
and all singletons being discarded meanwhile. Taxonomy of bacteria
and fungi was assigned to each sequence through BLASTing against the
RDP (Cole et al., 2009) and UNITE database (Abarenkov et al., 2010),
respectively. Fungal functional guilds (funguilds) were assigned ac-
cording to Tedersoo et al. (2014b) and Nguyen et al. (2016a). The
bacterial and fungal DNA sequences of the 188 soil samples have been
deposited in the SRA of the NCBI database under the Accession no.
SRP128847 (SRR6460891-SRR6461078) and SRP130039
(SRR6479064-SRR6479251), respectively.

2.5. Statistical analyses

All the analyses were performed at the subplot level (n= 94). One-
way analysis of variance (ANOVA) followed by t-test was performed to
assess the differences in the relative abundance of the major microbial
taxa between the two soil horizons at p < 0.05 level. The observed
microbial OTU numbers and tree species richness were selected to re-
present microbial and tree species alpha diversity, respectively.
Community tables describing the relative abundance of microbial OTUs
and tree species composition were used as primary data to calculate
Bray-Curtis site distance tables for microorganisms and trees, respec-
tively. Bray-Curtis dissimilarity between each soil samples pair was
used as a representation of microbial and plant beta diversities as cal-
culated using the “ECODIST” (version 2.0-1) and “VEGAN” (version
2.3–3) packages in R (Chen et al., 2017; R Development Core Team,
2015). To test our first hypothesis, Pearson correlation analyses and
Mantel tests were used to examine the correlation of alpha and beta

diversities between microorganisms and plants, respectively.
In addition to tree species richness, the relative BA (RBA) of the

dominant tree species (i.e. P. massoniana, C. axillaris, L. glaber and C.
glauca) was selected as explanatory variables to estimate taxonomic
sampling effect (Tedersoo et al., 2016). As potential abiotic variables
we selected the soil physiochemical properties (i.e. water content, pH,
SOC, TN, AP and C/N ratio) and topographical factors (i.e. topography
and convexity). To disentangle the effects of these biotic and abiotic
variables on OTU richness of soil microorganisms, individual variables
were subjected to the best ordinary least squares (OLS) multiple re-
gression model selection. All variables and OTU numbers were stan-
dardized (average=0 and SD=1) using the “scale” function before
the OLS multiple regression analysis. Akaike's information criterion
(AIC) was used to identify the best OLS model, as implemented in the R
package “MASS” (version 7.3–45). The variance inflation factor (VIF)
was calculated for OLS multiple regression models using the R package
“CAR” (version 2.1-2). We used the criterion VIF<3 to select suitable
variables in the best multiple regression models to remove strongly
multicollinear variables (Yang et al., 2017).

To test whether these biotic and abiotic variables influence com-
munity composition of soil microorganisms, distance-based redundancy
analysis (db-RDA) was performed with forward selection of the ex-
planatory variables using the CANOCO 5.0 software (Microcomputer
Power, Ithaca, NY, USA). Community distance was calculated with the
Bray-Curtis measure, and explanatory variables were included into the
model if Padj was< 0.05. The relative effects of tree species richness,
taxonomic sampling effect, and edaphic and topographical variables on
microbial community composition were calculated based on the best
multivariate model.

3. Results

3.1. An overview of the Illumina sequencing results for the soil microbial
communities

Quality filtering recovered a total of 5,987,197 bacterial sequences
(on average, 31,847 per sample) from the 188 soil samples, and nor-
malized to 18,870 sequences per sample. The classified bacterial se-
quences were binned into 5737 OTUs and 5523 OTUs at 97% sequence
identity in organic and mineral topsoil, respectively. The most domi-
nant bacterial phyla across organic soil was Proteobacteria (43.0% of the
total sequences, harbored 2008 OTUs), while Acidobacteria (43.6%, 331
OTUs) was dominated in mineral topsoil (Fig. 2a). In addition, Actino-
bacteria was higher (p < 0.01) in organic soil and Chloroflexi was
higher (p < 0.01) in mineral topsoil (Fig. 2a).

In total, 6,980,917 fungal sequences that survived quality trimming
and chimera removal (on average 37,132 and normalized to 29,739
sequences per sample) were clustered into 6351 OTUs. Organic and
mineral topsoil harbored 5410 and 4165 OTUs respectively, and were
dominated by Ascomycota and Basidiomycota, which accounted for>

Fig. 2. Comparison of taxonomic distribution of total sequences of bacteria (a), fungi (b) and funguilds (c) in the organic and mineral topsoil horizons. The asterisk
(*) denotes significance at the p < 0.05 level, and asterisk (**) denotes significance at the p < 0.01 level.
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75% of the total sequences. However, Ascomycota was higher
(p < 0.01) in organic soil and Basidiomycota was higher (p < 0.05) in
mineral topsoil (Fig. 2b). When the observed fungal taxa were divided
into three major functional groups (symbionts, saprotrophs and pa-
thogens), the proportions of saprotrophs was higher (p < 0.01) in or-
ganic soil while symbionts was higher (p < 0.01) in mineral topsoil
(Fig. 2c). Notably, almost all of symbionts are ectomycorrhizal (ECM)

fungi rather than arbuscular mycorrhizal (AM) fungi.

3.2. Correlations of soil microbial diversity with tree diversity

Pearson correlation analysis revealed that a significant and positive
relationship was only found between tree species richness and fungal
richness in the organic soil (p < 0.05, Fig. 3c). Correlation between

Fig. 3. Correlations of soil bacterial and fungal diversities with tree diversity across the studied subtropical forest. Alpha diversity (a-d, solid circle) shows linear
regression of soil microbial richness against tree species richness (n= 94), and beta diversity (e-h, hollow circle) shows linear regression of the pairwise Bray-Curtis
distance for microbial and tree communities (a total of 4371 points and each point represents the dissimilarity in taxonomic composition between a pair of plots).
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tree species richness and bacterial richness in both two soil horizons or
fungal richness in the mineral topsoil were absent (Fig. 3a, b and d).
However, microbial beta diversities in the two soil horizons were all
significantly and positively correlated with tree beta diversity. With
increasing tree beta diversity, there was a corresponding increase in
bacterial and fungal diversities, respectively (Fig. 3e–h).

3.3. Effects of biotic and abiotic factors on soil microbial richness

The best OLS multiple regression model (the highest R2
adj and lowest

AIC) indicated that tree species identity and soil variables were usually
the best predictors of soil microbial richness (Tables 1 and 2). Bacterial
richness responded significantly to soil pH, topography, P. massoniana
RBA, C. glauca RBA, soil C/N ratio and L. glaber RBA, which collectively
explained 76.7% of the variation in the organic soil. In contrast, the
strong predictors (P. massoniana RBA, C. glauca RBA, L. glaber RBA, tree
richness and soil water content) explained 42.5% of variation of bac-
terial richness in the mineral topsoil.

Fungal richness in the organic soil was best explained by C. glauca
RBA, P. massoniana RBA, L. glaber RBA and topography, which totally
explained 48.7% of the variation. Soil AP, topography and C. glauca RBA

were the best predictors of fungal richness in mineral topsoil, altogether
explaining 24.0% of variation. For ECM fungal richness, C. glauca RBA,
soil C/N ratio, L. glaber RBA, C. axillaris RBA and P. massoniana RBA ac-
cumulatively explained 48.0% of the variation in the organic soil, while
P. massoniana RBA, C. glauca BA, L. glaber RBA and soil AP explained
49.4% of the variation in the mineral topsoil. For SAP fungal richness,
topography and L. glaber RBA explained 36.9% of the variation in the
organic soil, whereas topography, soil AP, soil pH and P. massoniana BA
explained 23.1% of the variation in the mineral topsoil.

3.4. Driving factors of soil microbial community composition

The microbial community compositions were influenced by biotic
and abiotic variables as revealed by the db-RDA (Fig. 4, Tables S3 and
S4). For bacterial community composition in the organic soil, 8 sig-
nificant predictors taken together explained 39.6% of the variation, in
which tree species identity (C. axillaris RBA, C. glauca RBA, P. massoniana

RBA and L. glaber RBA), edaphic (soil pH, C/N ratio and AP) and topo-
graphical factors explained 8.1%, 13.7% and 17.8%, respectively. For
bacterial community composition in the mineral topsoil, tree species
identity (P. massoniana RBA, C. glauca RBA and L. glaber RBA), tree spe-
cies richness, edaphic (soil pH, AP, C/N ratio and water content) and
topographical factors explained 15%, 1.3%, 14% and 5.7% of the var-
iation, respectively.

The fungal community composition in the organic soil was ex-
plained by tree species identity (P. massoniana RBA, C. glauca RBA and L.
glaber RBA), edaphic (soil C/N ratio and AP) and topographical factors
with 18.6%, 4.1% and 7.0%, respectively, whereas by tree species
identity (P. massoniana RBA, C. glauca RBA and L. glaber RBA, 9.7%),
edaphic (soil AP and pH, 3.5%) and topographical (6.8%) factors in the
mineral topsoil. For ECM fungal community, tree species identity (C.
glauca RBA, P. massoniana RBA and L. glaber RBA) and topographical
factors accumulatively explained 11.5% and 13.3% of the variation in
the organic soil; and tree species identity (L. glaber RBA, C. glauca RBA

and P. massoniana RBA) and topography explained 17.2% and 28.4% of
the variation in the mineral topsoil. For SAP fungal community struc-
ture in the organic soil, tree species identity (P. massoniana RBA, C.
glauca RBA and L. glaber RBA), edaphic (soil C/N ratio and AP) and to-
pographical factors explained 10.3%, 3.8% and 13.9% of the variation.
By contrast, SAP fungal communities in mineral topsoil was mainly
explained by topography (7.6%), followed by tree species identity (P.
massoniana RBA and C. glauca RBA, 5.8%) and edaphic variables (soil AP
and pH, 3.8%).

4. Discussion

4.1. Tree species richness versus species identity

In this study, we just found significant correlation between tree
species and fungal alpha diversity in the organic soil (Fig. 3c), pro-
viding little support for our first hypothesis that the alpha diversity of
soil microorganisms and tree species are positively associated. This
indicates that more diverse tree forest would not necessarily promote
microbial richness. In contrast to the lack of relationship for alpha di-
versity, our first hypothesis predicting positive correlation between soil

Table 1
Summary of the best ordinary least squares (OLS) multiple linear regression
models for the effects of biotic and abiotic factors on richness of microorgan-
isms in the organic soil.

Variable Estimate SE t-value P-value VIF

Bacterial richness: df= 85; R2
adj= 0.767; SEresid= 0.482; F= 39.35; AIC= -126.7

Soil pH 0.265 0.067 3.959 <0.001 1.681
Topography −0.328 0.073 −4.473 <0.001 2.025
P. massoniana RBA −0.212 0.072 −2.960 0.004 1.926
C. glauca RBA −0.170 0.061 −2.804 0.006 1.386
Soil C/N ratio −0.187 0.067 −2.782 0.007 1.699
L. glaber RBA −0.131 0.062 −2.119 0.037 1.439

Fungal richness: df= 89; R2
adj= 0.451; SEresid = 0.741; F= 20.1; AIC= -55.2

C. glauca RBA −0.279 0.088 −3.182 0.002 1.308
P. massoniana RBA −0.286 0.092 −3.096 0.003 1.444
L. glaber RBA −0.271 0.089 −3.029 0.003 1.355
Topography −0.285 0.105 −2.718 0.008 1.856

ECM fungal richness: df= 88; R2
adj= 0.480; SEresid= 0.721; F= 18.14;

AIC= -55.59
C. glauca RBA 0.302 0.084 3.616 <0.001 1.245
Soil C/N ratio 0.305 0.095 3.221 0.002 1.605
L. glaber RBA 0.195 0.084 2.316 0.023 1.271
C. axillaris RBA −0.205 0.094 −2.176 0.032 1.588
P. massoniana RBA 0.185 0.104 1.784 0.048 1.913

SAP fungal richness: df= 90; R2
adj= 0.348; SEresid = 0.813; F= 16.86;

AIC= -37.43
Topography −0.432 0.100 −4.307 <0.001 1.414
L. glaber RBA −0.215 0.098 −2.199 0.030 1.373

(AIC, Akaike's information criterion; VIF, variance inflation factor).

Table 2
Summary of the best ordinary least squares (OLS) multiple linear regression
models for the effects of biotic and abiotic factors on richness of microorgan-
isms in the mineral topsoil.

Variable Estimate SE t-value P-value VIF

Bacterial richness: df= 88; R2
adj = 0.425; SEresid= 0.758; F= 14.76; AIC= -44.26

P. massoniana RBA −0.569 0.085 −6.683 < 0.001 1.171
C. glauca RBA −0.398 0.086 −4.632 < 0.001 1.197
L. glaber RBA −0.317 0.083 −3.819 < 0.001 1.116
Tree richness −0.247 0.086 −2.616 0.010 1.193
Soil water content −0.167 0.083 −2.017 0.046 1.109

Fungal richness: df= 88; R2
adj= 0.240; SEresid = 0.872; F= 6.86; AIC= -19.95

Soil AP −0.378 0.102 −3.696 < 0.001 1.281
Topography −0.320 0.105 −3.056 0.003 1.334
Soil pH −0.271 0.092 −2.934 0.004 1.045
C. glauca RBA −0.200 0.095 −2.100 0.038 1.113

ECM fungal richness: df= 87; R2
adj= 0.494; SEresid = 0.711; F= 16.15;

AIC= -57.36
P. massoniana RBA 0.460 0.083 5.552 < 0.001 1.262
C. glauca RBA 0.342 0.077 4.445 < 0.001 1.085
L. glaber RBA 0.276 0.080 3.443 < 0.001 1.183
Soil AP −0.188 0.085 −2.222 0.029 1.321

SAP fungal richness: df= 88; R2
adj = 0.231; SEresid= 0.877; F= 6.598;

AIC= -18.93
Topography −0.408 0.106 −3.864 < 0.001 1.348
Soil AP −0.320 0.105 −3.055 0.003 1.326
Soil pH −0.251 0.093 −2.698 0.013 1.049
P. massoniana RBA 0.268 0.104 2.572 0.049 1.313

(AIC, Akaike's information criterion; VIF, variance inflation factor).
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microorganisms and tree species was supported for beta diversity; i.e.
quadrats that were more distinct in the composition of their tree
communities also harbored more distinct soil microbial communities
(Fig. 3e–h). The OLS multiple regression models, db-RDA and variation
partitioning analyses further indicated that tree species richness itself is
rarely as a strong predictor of soil microbial richness and community

composition after accounting for confounding soil and topographical
factors. This result contrasts from previous studies, in which tree spe-
cies richness was an important driver of soil microbial communities
(Gao et al., 2013; Hiiesalu et al., 2017). However, our results are con-
sistent with Nguyen et al. (2016b) who found that no significant effect
of tree species richness on either ectomycorrhizal or saprotrophic
fungal species richness in a field experiment. The discrepancy among
aforementioned studies may resulted from the use of field-based tree
diversity gradients which contain some factors that covary with plant
diversity or other factors that unrelated to plants but influence soil
microorganisms (Waldrop et al., 2006). Therefore, it is necessary to
incorporating higher tree species gradients (> 20 species) to clearly
observe the cumulative nature of this relationship in the future studies.
Soil microbial communities are largely structured by the supply of
growth limiting substrates, which enter soil via plant detritus and/or
root exudation (Prescott and Grayston, 2013; Uroz et al., 2016). The
lack of relationship between tree species richness and soil microbial
communities should be arose from the fact that resource availability
(i.e. litter and root production from different tree species and functional
groups) did not change consistently with tree species richness.

Supporting our second hypothesis, tree species identity usually
significantly influences the soil microbial richness and community
composition, reinforcing the strong sampling effects on ecosystem ser-
vices (Cardinale et al., 2006; Tedersoo et al., 2014a). Tree species with
various traits return organic matter of differing qualities to the soil,
which in turn affects the soil microbial richness and composition. Our
previous study showed that litter quality differs among the dominant
tree species in these forests, with the highest N contents in C. axillaris,
the lowest N and P contents in P. massoniana and relatively high N/P
ratio in L. glaber (Zeng et al., 2017). Principal coordinate analyses of
bacterial and fungal community compositions further revealed that soil
under the forest dominated by the same tree species typically clustered
together (Fig. S1), which clearly supports tree species identity effects on
the microbial community structure. It has been frequently reported that
specific soil microbial communities exist under specific tree species.
Urbanová et al. (2015) showed that among the seven dominant tree
species, some tree species such as Alnus and Pinus presented distin-
guishable soil bacterial and fungal communities. Pfeiffer et al. (2013)
also observed differentiation of bacterial communities according to tree
species. These findings provided obvious evidence that tree species
differ in the belowground communities.

Our results showed that the directionality and magnitude of in-
dividual tree species effects are different (Fig. S2; Tables 1 and 2). For
example, the increasing proportion of P. massoniana strongly sup-
pressed bacterial richness but increased ECM fungal richness in mineral
topsoil. Moreover, C. glauca RBA, L. glaber RBA and P. massoniana RBA

increased ECM fungal richness in organic soil, whereas the contrary
effects were observed for the effect of C. axillaris. The negative effects
are probably related to i) low palatability, ii) poor compatibility with
mutualistic partners or iii) strong defense mechanisms. The positive
effects may be ascribed to abundance of a particularly suitable substrate
or facilitation (Tedersoo et al., 2016).

4.2. Non-negligible of abiotic factors in determining soil microbial
community

Abiotic factors strongly determined soil microbial richness and
community composition (Tables 1 and 2; Fig. 4). Soil pH had important
effect on the bacterial but less for fungal richness and community
composition, which is consistent with the crucial pH effect on bacteria
(Lauber et al., 2009; Rousk et al., 2010). Moreover, both bacterial and
fungal communities were influenced by soil C/N ratio or AP content,
which is consistent with other studies (Coince et al., 2013; Ding et al.,
2015). It appears that soil microbial communities inhabiting the most
nutritive soil were less diverse compared to poor soil, as richness of
bacteria and fungi responded negatively to increasing soil C/N ratio and

Fig. 4. Distance-based redundancy analyses (db-RDA) plot showing the re-
lationship of biotic and abiotic factors to community composition of bacteria (a,
b), fungi (c, d), ECM fungi (e, f) and SAP fungi (g, h) in the organic and mineral
topsoil horizons, respectively. The ordination is based on Bray-Curtis distance
with forward selection, and factors were chosen that significantly (Padj < 0.05)
contributed to the model. The strongest predictors in the best community
models are underlined.
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soil AP, respectively (Fig. S2, Tables 1 and 2). Species diversity and
community composition of fungi functional guilds is also influenced by
soil nutrients, which are in accordance with other studies (Kernaghan
et al., 2003; Twieg et al., 2007; Lauber et al., 2008). Although variation
in edaphic factors directly explained most of the variability in the
richness and composition of soil microorganisms, these factors were
themselves largely influenced by the tree species and their specific
traits. Mantel test indicated that tree communities are tightly related
with soil properties (Table S5). These results supported the concept that
soil geochemical parameters served as a bridge to link the aboveground
plant community with the belowground microbial community (Rasche
et al., 2010). Our results further demonstrated that topography was
another important driving factor for microbial communities in the
subtropical forest soil (Fig. 4). Bacterial, fungal, and especially SAP
fungal species richness were declines linearly with increasing topo-
graphy (Fig. S2). These results was corroborated with Gao et al. (2017)
who found that ridge and valley habitats (with different topography)
harboring distinct fungal communities in subtropical montane forest.

4.3. Differential responses of soil bacteria and fungi to biotic and abiotic
factors

As bacteria and fungi differ in their abilities to metabolize and
compete for different C sources (Uroz et al., 2016), it is reasonable to
assume that bacterial and fungal communities respond differently to the
biotic and abiotic factors. Our results showed that fungal richness
correlated better with tree species richness than bacteria in the organic
horizon (Fig. 3). Moreover, the tree species identity affected fungal
composition larger than bacterial composition in both the organic and
mineral topsoil, which supports our third hypothesis. This is because
fungi are more directly dependent on tree litter and biotrophic inter-
actions with trees as many fungi are obligate root symbionts and pa-
thogens (Wardle, 2006; Gao et al., 2013). In contrast, bacteria inhabit
soil niches on a very small scale that often have no direct connection to
tree roots (Vos et al., 2013). Thus, the tree effects on bacteria were
mainly indirect and thus less pronounced. For funguilds, tree host
specificity is an important driver of symbiotic fungi (Buée et al., 2009)
as well as saprotrophic fungi (Lang et al., 2011). We can intuitively
expect a more important impact of tree host specificity on ectomycor-
rhizal communities due to the biotrophic link established between the
tree species and ECM fungi. For example, P. massoniana, C. glauca and L.
glaber had been identified as ECM plants by observing the root mor-
phology under dissecting microscope (Wang and Qiu, 2006; Gao et al.,
2015). These ECM fungal host specialists had significant positive effects
on ECM fungal richness (Fig. S2, Tables 1 and 2). Moreover, our results
revealed the tree species identity effects explained more variation of
ECM fungal community composition than SAP fungal community
composition, particularly in the mineral topsoil (Fig. 4, Tables S3 and
S4). This was parallel to the results of Peay et al. (2013), who found
that symbiotic fungal community richness responded more strongly to
plant community changes than that of SAP fungi.

The changes of bacterial and fungal (apart from ECM fungi) com-
munities in organic soil were better predicted by the explanatory fac-
tors than in the mineral topsoil (Tables 1 and 2, Tables S3 and S4). The
finding that the extent of biotic and abiotic factors influence on mi-
crobial communities differs between organic and mineral topsoil is not
surprising as different microbial communities distributing in the two
horizons (Prescott and Grayston, 2013; Voríšková et al., 2014). For
example, Proteobacteria, Actinobacteria, and Bacterioidetes were more
abundant in organic soil, while Acidobacteria and Chloroflexi were sig-
nificantly enriched in the mineral topsoil (Fig. 2), which is consistent
with Uroz et al. (2013). The difference in microbial communities de-
pends on environmental conditions between the two horizons, with
organic soil is formed mainly by the tree litter. This finding suggest that
the distinctness in environmental conditions between the two soil
horizons has profound influences on microbial niche differentiation,

and further imply that horizon specific variables should be used to
predict their soil microbial communities.

5. Conclusions

We examined how richness and species identity of trees and abiotic
factors affect soil microbial richness and community composition in
subtropical forest ecosystems. Our results revealed that soil microbial
richness and community composition are influenced stronger by par-
ticular tree species as well as abiotic soil and topographical factors,
than by changes in tree richness per se. This suggests relatively stronger
sampling effects of dominant tree species compared to complementary
effects among all tree species on the soil microbial communities. Our
results also demonstrated that the relative contribution of these selected
environmental predictors differed between bacteria and fungi, ecto-
mycorrhizal and saprotrophic fungi, as well as between the organic and
mineral topsoil. This illustrates the importance of considering microbial
taxonomic groups and their specific to soil horizons when predicting
microbial responses to environmental changes in forest ecosystems. We
conclude that species identity at least in forests – with long-term effects
of the specific trees on edaphic conditions – is more important than just
general tree biodiversity on biodiversity of bacterial and fungal com-
munities in soil.
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