
Science of the Total Environment 712 (2020) 136526

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Land-use changes alter soil bacterial composition and diversity in tropical
forest soil in China
Yingtao Sun a,b, Chunling Luo a,c,⁎, Longfei Jiang a, Mengke Song c, Dayi Zhang d, Jun Li a, Yongtao Li c,
Nicholas J. Ostle e, Gan Zhang a

a State Key Laboratory of Organic Geochemistry and Guangdong Key Laboratory of Environmental Protection and Resources Utilization, Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences, Guangzhou 510640, China
b University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing 100049, China
c College of Natural Resources and Environment, South China Agricultural University, Guangzhou 510642, China
d School of Environment, Tsinghua University, Beijing 100084, PR China
e Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, UK
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Land-use change remarkably alters soil
bacterial community structure and
function

• Significant effects of planting age on soil
bacterial beta diversity

• Crucial roles of vegetation type in alter-
ing soil functional traits
⁎ Correspondence to: Chunling Luo, State Key Laborato
E-mail address: clluo@gig.ac.cn (C. Luo).

https://doi.org/10.1016/j.scitotenv.2020.136526
0048-9697/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 September 2019
Received in revised form 2 January 2020
Accepted 3 January 2020
Available online 7 January 2020

Editor: Fang Wang

Keywords:
Bacterial diversity
Land-use change
Soil functional trait
Planting age
Tropical forests, under pressure from human activities, are important reservoirs of biodiversity and regulators of
global biogeochemical cycles. Land-use and management are influential drivers of environmental change and
ecosystem sustainability. However, only limited studies have analysed the impacts of planting age and vegetation
type under land-use change on soil microbial community in tropical forests simultaneously. Here, we assessed
soil bacterial community composition and diversity under different land-use in Hainan Province, China, using
high-throughput sequencing combinedwith PICRUSt analysis. Land-use included natural forest, 5-year-old crop-
land, young (5-year-old) rubber tree plantation, and old (30-year-old) rubber tree plantation. Land-use changes
altered the soil bacterial community composition but had a non-significant influence on alpha diversity (P N .05).
We found that bacterial beta-diversity significantly decreased in young rubber tree plantation soils and cropland
soils compared to natural forest as a control. In contrast, soil bacterial beta-diversity increased in old rubber tree
plantation soils, indicating the effects of time since planting. There was no difference in microbial beta-diversity
between soils from cropland and young rubber tree plantation. Soil bulk density and moisture, not pH, were the
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Vegetation type
 main environmental factors explaining the variability inmicrobial diversity. PICRUSt analysis of soil bacterial pre-
dicted gene abundances within metabolic pathways and indicated that land-use change altered soil functional
traits, e.g., amino acid-related enzymes, ribosomes, DNA repair/recombination proteins and oxidative phosphor-
ylation. Also, vegetation type, not planting age, had significant impacts on soil functional traits. Overall, planting
age had the greatest influence on soil bacterial beta-diversity, while vegetation type was more crucial for soil
functional traits (P b .05).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Land-use change is one of the most crucial environmental pressures
due to the influence of anthropogenic activities on natural landscapes,
ecosystem functions and climate change (Abulizi et al., 2017; Foley
et al., 2005; Muñoz-Rojas et al., 2015; Newbold et al., 2015;
Papanastasis et al., 2017; Yu et al., 2013). Such effects of land-use
change on global biology have attracted the interests ofmany ecologists
and geographers (Lawler et al., 2014; Newbold et al., 2015; Song et al.,
2015). Most studies have found that land-use change reduces biodiver-
sity (Butler et al., 2010a; Butler et al., 2010b; Dormann et al., 2008;
Newbold et al., 2015; Ussiri and Lal, 2013), but the main focus is on an-
imals and plants (Albaladejo et al., 2013; de Assis et al., 2010; Ferreira
et al., 2016; Fracetto et al., 2012; Stockmann et al., 2013); few studies
have examined the effects on soil microbial diversity and functions
under land-use change, particularly in tropical forests of China.

Soil microbial communities, including bacteria, fungi and archaea,
are key players in ecosystems. They are closely related to nutrient and
energy cycling, which support the ecosystem structure and functional
stability (van derHeijden et al., 2008; Zak et al., 2003). Although soilmi-
crobial composition and diversity are reported to be influenced by dif-
ferent soil characteristics and vegetation types under land-use change,
such as soil carbon, nutrient depletion, and reduced water holding ca-
pacity (Bossio et al., 2005; Kuczynski et al., 2010), the lack of compre-
hensive understanding on the effects on soil microbes of different
land-use change requires more investigation.

Many previous studies have explored the impacts of forest land-use
change on soil microbes with conflicting results and conclusions. Some
studies found that changes in forest land-use type can alter soil micro-
bial community composition (Kerfahi et al., 2014; Lupatini et al.,
2013), increase soil microbial alpha-diversity, decrease beta-diversity,
and lead to spatiotemporal homogenisation (Kerfahi et al., 2014;
Purahong et al., 2014; Rodrigues et al., 2013; Vitali et al., 2016). How-
ever, others did not observe significant effects of land-use change on
soil microbial alpha-diversity (Jesus et al., 2009; Tripathi et al., 2012).
Besides, Lee-Cruz et al. and de Carvalho et al. found that the conversion
of forest increased soil microbial beta diversity due to the increased en-
vironmental heterogeneity (de Carvalho et al., 2016; Lee-Cruz et al.,
2013). The difference in original forest type and the land-use change af-
terwards may be the principal explanations for these controversial re-
sults (Lee-Cruz et al., 2013). Accordingly, studies on typical forest
regions with a variety of land-use types under land-use change, such
as different classic vegetation types and planting ages, can provide
new clues andmore reliable evidence to understand the effects of forest
land-use change on soilmicrobes and practical suggestions for the effec-
tive management of forest conversion.

A comprehensive understanding of the biotic and abiotic factors that
drive soil microbial community diversity could help in predicting
changes in land use that affect ecosystems and global climate change
since soil microbes are among organisms influencing biogeochemical
processes and ecosystem stability. Studies have found that environmen-
tal factors such as pH and soil organic matters drive differences in soil
microbial community dynamics under land-use change (Hartman
et al., 2008; Vitali et al., 2016; Wakelin et al., 2008). Additionally, the
temporal change in soil microbial community without land-use change
has been intensively studied, suggesting that planting age of vegetation
could significantly alter the composition and structure of microbial
community (DeBruyn et al., 2011; Lipson, 2007; Zhang et al., 2011). Sev-
eral studies found that the microbial community composition and
alpha-diversity varied significantly over time, whereas the change in
beta-diversity was relatively small (Fierer and Jackson, 2006;
Wallenstein et al., 2007). However, the temporal change of soil micro-
bial diversity under land-use change is unknown, especially in tropical
rainforests of China.

Vegetation types are reported by some studies as the key driving
forces affecting the structural and functional diversity of soil microbial
communities to different extents (Berg and Smalla, 2009; Scherwinski
et al., 2008; Wang et al., 2013; Wubet et al., 2012). For instance, Bossio
et al. found significant changes in soil bacterial community composition
after land-use change, with vegetation cover type as the dominant fac-
tor (Bossio et al., 2005). However, another study documented that soil
traits played a relatively more important role in driving the variances
of soil microbes compared with vegetation types (Fierer and Jackson,
2006). Till now, no conclusive result is widely accepted and more
work about individual natural forest to various land-use types with dif-
ferent vegetation types can help in better understanding of the effects of
land-use change on soil microbes.

In summary, land-use change would affect ecosystem functions
and climate change by altering soil bacterial community composi-
tion and diversity. However, there is a considerable knowledge
gap as regarding the effects of land-use change on soil microbial
composition, diversity and functions when natural tropical forests
are converted for agriculture. In this study, we examined the con-
version of a tropical rainforest in Hainan Province (China) for rub-
ber and rice production. It is a typical forest region with land-use
change to cropland (5 years) and a rubber tree plantation (5 and
30 years). This study aimed to evaluate the effects of land-use
change (from natural forest into cropland and artificial forests of
different ages) on soil bacterial community and the predicted
gene abundances within metabolic pathways using high-
throughput sequencing and Phylogenetic Investigation of Commu-
nities by Reconstruction of Unobserved States (PICRUSt) analysis.
The objectives of this study are to (1) assess the response of soil
bacterial community composition and diversity to land-use
change; (2) identify the environmental factors that drive bacterial
variability under different land-use types; (3) explore the changes
in soil predicted gene abundances in metabolic pathways; and
(4) determine whether different ages of artificial forests influence
soil bacteria.

2. Materials and methods

2.1. Study area

The study was conducted in Hainan Province, China
(19°26'54.96"N, 109°38'23.64"E, 244 m) (Fig. 1). The mean annual
rainfall and air temperature are 651.4 mm and 30.5 °C, respectively.
The soils are classified as Ultisol by the Food and Agriculture Organi-
zation soil taxonomy system, and their chemical and physical char-
acteristics are listed in Table 1.



Fig. 1. Study sites. NFS (natural forest soils); CS (cropland soils); YRS (soils planted with young rubber tree of 5-year); ORS (soils planted with old rubber tree of 30-year).
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2.2. Soil sampling

Soil sampling was conducted in 2012. Four land-use types were se-
lected: natural forest soils (NFS), 5-year-old cropland soils (CS), young
(5-year-old) rubber tree soils (YRS), and old (30-year-old) rubber tree
soils (ORS). Cropland mainly grows rice and vegetables. Natural forests
have no human management, rubber plantations receive NPK fertilizer
(Table S2), and rice receives fertilizer and are annually waterlogged
for 4–5 months.
Table 1
Physical and chemical characteristics of soils from study sites. Different letters ("a" and "b") indi
significant(P N 0.05).

Sample ID Latitude Longitude Distance(m) Soil density Moistur

NFS 19.4486 109.6399 0 1.25 ± 0.01a 16.38 ±
CS 19.511 109.5062 15,656 1.13 ± 0.00a 30.20 ±
YRS 19.5375 109.5141 16,498 1.20 ± 0.08a 12.29 ±
ORS 19.5521 109.6522 11,593 1.27 ± 0.00a 13.67 ±
The plots in each land-use type were subdivided into six subplots
within 10 m acting as spatial replicates. In each subplot, three subsam-
ples of topsoil (0–10 cmdepth)within 5mwere collected using a spade
and pooled to form a composite sample. Besides, volumetric metal rings
(inner diameter, 70 ± 0.16 mm; height, 52 ± 0.16 mm) were used to
collect intact soil cores to determine the soil bulk density.

Portions of the samples were used for measuring soil chemical and
physical characteristics. They were passed through a 2-mm sieve, and
a 300-g aliquot of each sample was separated, placed in a plastic bag,
cate significant differences between treatments (P b 0.05) and the same letters indicate no

e (%) pH TC (%) TOC (%) TN (%)

1.51b 4.51 ± 0.17a 1.13 ± 0.10b 0.91 ± 0.18b 0.12 ± 0.01a
4.45a 4.47 ± 0.18a 2.17 ± 0.59ab 2.05 ± 0.82a 0.18 ± 0.03a
2.80b 4.51 ± 0.26a 1.67 ± 0.10b 1.51 ± 0.10ab 0.17 ± 0.03a
2.42b 4.57 ± 0.11a 2.83 ± 0.23a 2.43 ± 0.26a 0.27 ± 0.02a
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and stored at 4 °C to measure the microbial biomass and activities
within 2 days. The remaining soil samples were air-dried and stored
at room temperature before chemical analysis.

2.2.1. Soil property analysis
Soil moisture, pH, and bulk density were measured using the Chi-

nese Standard Protocol LYT-1999. Soil samples with metal rings were
weighed and then dried at 105 °C to measure the soil bulk density.
Total organic carbon (TOC) and total nitrogen (TN) were determined
as described previously with modifications (Hedges and Stern, 1984).
Briefly, 2 g of freeze-dried soil was blended and treated twice with
25 mL of HCl (1 M), followed by washing with ultrapure water to a
final pH of 6–7. Then, TOC and TN were analysed using an elemental
analyser (Vario EL cube; Elementar Analysensysteme GmbH,
Langenselbold, Germany).

DNA extraction and polymerase chain reaction (PCR).
Soil total DNA was extracted in triplicates from each sample using

the PowerSoil DNA extraction kit (MoBio, Carlsbad, CA, USA) following
the manufacturer's instructions. Extracted DNA from the same sample
was pooled and quantified with a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The DNA was stored at
−80 °C for further analysis. The primer pair (515F: 5′-GTGCCAGC
MGCCGCGGTAA-3′, 806R: 5′-CCGGACTACVSGGGTATCTAAT-3′)
targeting the V3 hypervariable region of the 16S rRNA gene was used
for PCR (Sul et al., 2011). The 806R primer was labelled with a unique
12 bp barcode to distinguish among amplification products. PCR was
performed in a 50-μL volumes containing 20 ng of DNA template,
25 μL of Taq premix buffer (TaKaRa, Shiga, Japan), 10 μMof each primer,
and 22 μL of H2O. Then, 16S rRNA genes were amplified in triplicates
using the following process: 94 °C for 5 min, 28 cycles at 94 °C for
30 s, 55 °C for 30 s, 72 °C for 90 s, and a final extension at 72 °C for
5min. The triplicated productswere combined and tested using agarose
gel (1.5%) and purified with the MicroElute Cycle-Pure Kit (Omega Bio-
Tek, Norcross, GA, USA) following the manufacturer's instructions.
Products from the same sample were combined and quantified as de-
scribed above and sent to Beijing Genomics Institute (Shenzhen,
China) for sequencing using the MiSeq 200 system (Illumina, San
Diego, CA, USA). All the high-throughput sequencing data were submit-
ted to NCBI (PRJAN561291).

2.3. Sequence analysis

For DNA amplicon sequencing data, we removed the low-quality
reads (quality score b 20, length b 250) using Perl shell
(reads_with_trimm_low_quality.pl, see SI). The 16S rRNA raw data
were assembled using mothur v1.39.5 (Schloss et al., 2009). The se-
quence data were normalized according to the minimum number of
samples to ensure the homogeneity of the sequence. The sequence
data were then qualified, filtered, and clustered following the QIIME 1
manual (Caporaso et al., 2010). Operational taxonomic units (OTUs)
with 97% similarity were selected, and the representative sequence set
was chosen. Then, chimeric sequences were discarded (Edgar et al.,
2011). OTUs were assigned to taxonomic groups using the Greengenes
13_5 database with the “assign_taxonomy.py” function.

2.4. Diversity analysis

Alpha-diversity (effective number of species, Chao1, Simpson and
Shannon indices) and beta-diversity (weighted UniFrac) were calcu-
lated using the QIIME script. UniFrac distance, a web application that al-
lows researchers to address many of these broader questions about the
composition and evolution of bacterial communities, uses phylogenetic
information to determine whether communities were significantly dif-
ferent and reveal broad patterns relating many environmental samples
(Hamady et al., 2010; Lozupone et al., 2006; Lozupone et al., 2011). It
has been widely used to analyze large data sets from next-generation
sequencing technologies and in QIIME and Mothur analysis pipelines
(Caporaso et al., 2010; Schloss et al., 2009). Thus, we used theweighted
UniFrac distance to measure phylogenetic community similarity in our
present study (Lozupone et al., 2011).

2.5. PICRUSt analysis

To predict themicrobial functional responses to land-use change,we
used PICRUSt 1.1.1 (http://picrust.github.com) to generate a functional
profile using high-throughput sequencing results (Langille et al.,
2013). PICRUSt has the accuracy of averagely 0.8 and up to 0.9 to predict
microbial functions by testing a broad range of data sets from soils. Par-
ticularly when closely related reference genomes are available, PICRUSt
is accurate and accepted by many researchers to study soil microbial
functions (Langille et al., 2013; Ling et al., 2016; Zarraonaindia et al.,
2015). We followed the suggested methods for OTU selection with
Greengenes 13_5 using Galaxy (http://huttenhower.sph.harvard.edu/
galaxy/). The predicted gene family abundances were analysed using
Kyoto Encyclopedia of Genes and Genomes orthology group count
level 3 and Storey FDR in STAMP software was used to avoid inflation
of Type-I error (Parks et al., 2014).

2.6. Statistical analysis

Redundancy analysis (RDA) was performed to determine the rela-
tionships between soil microbial communities and selected soil proper-
ties by the “Bioenv” function in the “vegan” package (vegan v2.4-4) of R
software (R Development Core Team, Vienna, Austria), using UniFrac
weighting and the normalized distancematrix with default parameters.
Before RDA, we firstly eliminated the spatial autocorrelation by remov-
ing two samples from total 26 samples. The physicochemical data com-
prised soil pH, TOC, TN, moisture and bulk density. The significance of
each variable was determined using the permutation test with analysis
of variance (ANOVA) in ‘vegan’. The linear discriminant analysis (LDA)
effect size (LEfSe) can be used for high-dimensional biomarker discov-
ery and identification of genomic features (e.g., genes, pathways, or
taxa), to characterise the differences between two or more biological
conditions (Segata et al., 2011). First, we used the non-parametric facto-
rial Kruskal–Wallis rank sum test to detect features with significantly
different abundances with respect to the class of interest. Next, biologi-
cal significance was examined by pairwise testing of subclasses using
the (unpaired) Wilcoxon rank-sum test (Segata et al., 2011). Finally,
LDA was applied to estimate the effect size of each differentially abun-
dant feature and performed dimension reduction and the “p.adjust”
function (method = “Bonferroni”) was used to avoid inflation of
Type-I error. Additional statistical analysis was conducted using SPSS
for Windows (ver. 20.0; SPSS Inc., Chicago, IL, USA). One-way ANOVA
and per multivariate analysis of variance (PERMANOVA) were used to
analyze the significance of differences and variability in soil bacterial
alpha-diversity and composition at the 95% confidence level (P b .05),
respectively. The variation of soil bacterial beta-diversity wasmeasured
by the “adonis” function in the “vegan” package (vegan v2.4-4) of R
software.

3. Results

3.1. Soil bacterial community composition

Soil bacterial community composition showed a clear distribution
pattern at the phylum level (Fig. 2). Relatively abundant bacterial
phyla in soil included Proteobacteria, Planctomycetes, Nitrospirae,
Verrucomicrobia, Bacteroidetes, Chloroflexi, and Actinobacteria (total
abundance N 90%). However, therewas no significant change in soil bac-
terial community composition at the phylum level across different land-
use changes (P = .35, Table S1). The relative abundance of
Actinobacteria significantly decreased in ORS comparing with YRS, but

http://picrust.github.com
http://huttenhower.sph.harvard.edu/galaxy/
http://huttenhower.sph.harvard.edu/galaxy/


Fig. 2. Relative abundances (%) of soil dominant bacterial lineages at the phylum level across different land-use changes. NFS (natural forest soils); CS (cropland soils); YRS (soils planted
with young rubber tree of 5-year); ORS (soils planted with old rubber tree of 30-year).

Fig. 3. Horizontal bar plot of the LDA scores calculated for features differentially abundant among study sites. Alpha value for the factorial Kruskal-Wallis test among classes and for the
pairwise Wilcoxon test between subclasses uses the default one. Threshold on the logarithmic LDA score for discriminative features is 3.0. NFS (natural forest soils); CS (cropland
soils); ORS (soils planted with old rubber tree of 30-year). LAD score represents the influence degree of significantly different species between different groups.
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there was no significant change comparing ORS with other land-use
types (Fig. S2). It is worth mentioning that Proteobacteria and
Proteobacteria/Acidobacteria decreased with TOC, whereas Acidobacteria
increased (Fig. S2, Table 1).

We further analysed the bacterial composition at the genus level and
found significant variations across the land-use types, as revealed by the
LEfSe. In total, eighteen bacterial generawith significant differencewere
detected (Fig. 3, P b .05). They were Oxalobacteraceae, Solibacterales,
Candidatus, and Solibacteres in NFS, whereas Chitinophagaceae and
Saprospirales for ORS (Fig. 3, P b .05). Moreover, the most differentially
abundant bacterial taxa in CSwere Enterobacteriaceae, Enterobacteriales,
Sphingomonadaceae, Kaistobacter, Brevibacillus, Lysobacter,
Intrasporangiaceae, Burkholderiales, Ramlibacter, and Ralstonia (Fig. 3,
P b .05). No abundant bacterial taxa were significantly different in YRS
comparing with other land-use types.
3.2. Soil bacterial diversity

3.2.1. Alpha-diversity
Alpha-diversity describes the species diversity within a single sam-

ple, including the indices of effective number of species, Chao1, Shannon
and Simpson. Both effective number of species and Chao1 reflect the
species richness in a sample, regardless of the abundance of each species
in the community, whereas the Shannon and Simpson indices represent
the species richness and species evenness of the community. Effective
number of species increased slightly but non-significantly (P N .05)
with land-use change compared with NFS, following the order of
CS N ORS N YRS N NFS (Fig. 4). Consistent results were obtained for
Fig. 4. Soil bacterial alpha diversity indices across different land-use changes (n=6,±95%CI). N
year); ORS (soils planted with old rubber tree of 30-year).
Simpson, Shannon and Chao1 indices which increased slightly but
non-significantly (P N .05) with land-use change compared with NFS,
following the order of CS N ORS N YRS N NFS (Fig. 4).
3.2.2. Beta-diversity
To evaluate the variability in community composition among soil

samples across different land-use types, beta-diversity was assessed
by Bray–Curtis and weighted UniFrac dissimilarity values. In contrast
with alpha diversity, beta-diversity varied significantly in soils from
cropland and rubber tree plantation compared with NFS (P b .05)
(Fig. 5). The Bray–Curtis dissimilarity value of ORS was higher than
NFS but non-significantly (P N .05), both significantly higher than
those of CS and YRS (P b .05, Fig. 5A). Theweighted UniFrac values illus-
trated similar results with Bray-Curtis (Fig. 5B).
3.3. Factors driving variability in the bacterial community

Based on the soil bacterial community composition and diversity
indices, the main environmental factors driving bacterial variability
were analysed using RDA. Environmental factors could explain
31.54% of the species variability, where RDA1 and RDA2 accounted
for 27.80% and 3.7% of the total variance, respectively (Fig. 6). In ad-
dition, soil bulk density (r2 = 0.4857, P = .001) and moisture (r2 =
0.2073, P = .015) were the main environmental factors driving spa-
tial variation. As pH varied non-significantly across land-use types
(Table 1), it did not show significant effects on soil bacterial distribu-
tion (r2 = 0.0575, P = .551).
FS (natural forest soils); CS (cropland soils); YRS (soils plantedwith young rubber tree of 5-



Fig. 5.Response of community similarity to ecosystemconversion. (A) Average taxonomic dissimilarity (Bray–Curtis). (B) Average phylogenetic dissimilarity (WeightedUniFrac, n=6,±
95% CI). NFS (natural forest soils); CS (cropland soils); YRS (soils planted with young rubber tree of 5-year); ORS (soils planted with old rubber tree of 30-year).
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3.4. Effects of land-use change on predicted gene abundances within meta-
bolic pathways

We used the PICRUSt analysis to assess the effects of land-use
change on soil ecological functions by predicting gene abundances
within metabolic pathways. Changes in the predicted gene abun-
dances within metabolic pathways differed significantly across
land-use changes in terms of amino acid-related enzymes, ribo-
somes, DNA repair and recombination proteins and oxidative phos-
phorylation (P b .1, Fig. 7). Besides, nitrogen metabolism related to
nitrogen cycle showed little difference under land-use change with
different vegetation types (P N .1). Compared with NFS, YRS and
ORS exhibited significant differences in predicted gene abundances
within metabolic pathways, whereas no notable difference was ob-
served for CS (P b .1).
Fig. 6. Redundancy analysis (RDA) for the relationship between soil properties and soil microb
soils); YRS (soils planted with young rubber tree of 5-year); ORS (soils planted with old rubbe
4. Discussion

4.1. Composition of soil bacterial community by land-use type

Our results suggested that land-use change significantly altered soil
bacterial community composition at the genus level (Fig. 3), in agree-
ment with previous studies (Jesus et al., 2009; Lee-Cruz et al., 2013;
Rodrigues et al., 2013; Vitali et al., 2016). Proteobacteria/Acidobacteria
ratio usually prefers labile organic C pools organic C quality, and it de-
creased with TOC in the present study. This result is inconsistent with
most previous studies that Proteobacteria/Acidobacteria ratio normally
increases with available C (Fierer et al., 2007; Thomson et al., 2010;
Thomson et al., 2013). It may be explained by the lower pH in our
study (Table 1),which ismore suitable for Acidobacteria. Moreover, veg-
etation types, planting age and other undetected factors may have a
ial communities across different land-use changes. NFS (natural forest soils); CS (cropland
r tree of 30-year).



Fig. 7. Metabolic pathway of soil bacterial communities across different land-use changes predicted by PICRUSt. (A) Amino acid related enzymes; (B) Ribosome; (C) DNA repair and
recombination proteins; (D) Oxidative phosphorylation. NFS (natural forest soils); CS (cropland soils); YRS (soils planted with young rubber tree of 5-year); ORS (soils planted with
old rubber tree of 30-year). The labels on the left axes represent the differences in metabolic pathways between each two land-use types.
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more significant influence on Proteobacteria and Acidobacteria than
available C. Besides, the abundance of Euryarchaeota (Archaea) was sig-
nificantly higher in NFS than other land-use types, possibly owing to the
effects of cropland andmanagement practices in rubber tree areas, such
as fertilisation, crop rotation, and irrigation.

4.2. Bacterial diversity by land-use type

Some studies document that land-use conversion can alter soil mi-
crobial community composition and increase or decrease bacterial
alpha-diversity (de Carvalho et al., 2016; Montecchia et al., 2015;
Rodrigues et al., 2013). However, our results suggested no significant
alpha-diversity change in different land-use changes, consistent with
some other studies (de Carvalho et al., 2016; Rodrigues et al., 2013). It
is possibly explained by soil management practices andmicrobial resto-
ration in the study area, as the resistance of soil microbes to land-use
change which might lead to slight alterations in bacterial diversity
across different land-use types (Alele et al., 2014; Griffiths and
Philippot, 2013). Another possible explanation is no-significant varia-
tion of pH which is suggested as a strong driving force on soil microbes
by previous studies (Hartman et al., 2008; Vitali et al., 2016; Wakelin
et al., 2008)(Hartman et al., 2008; Vitali et al., 2016; Wakelin et al.,
2008).

In the present study, soil microbial beta-diversity differed signifi-
cantly by land-use change with different planting ages. The land-use
types with 5-year plantation (CS and YRS) had significantly lower
beta-diversities than NFS, evidencing the homogenisation of soil bacte-
rial communities. It might be explained by the loss of less-resilient
members of the bacterial community, especially in the short planting
age (Allison and Martiny, 2008). In contrast, the beta-diversity of ORS
was similar with NFS, implying a recovery of soil bacterial communities
and agreeing with some previous studies (de Carvalho et al., 2016; Lee-
Cruz et al., 2013). This might be caused by the long-term soil manage-
ment practices such as fertilisation (Table S2, Supporting Information)
and an increasing number of existing species from the regional pool
(Jesus et al., 2009), as illustrated in the Venn diagram of the shared
and unique OTUs (Fig. S3, Supporting Information). Change in the rela-
tive abundance of dominant bacteria (Proteobacteria, Planctomycetes,
Nitrospirae, Verrucomicrobia, Bacteroidetes, Chloroflexi, and
Actinobacteria) and the decreasing unique OTUs in ORS further evi-
denced the recovery of existing species from the regional pool. More-
over, the significant difference in bacterial beta-diversity between ORS
and YRS may be explained by the loss of some bacterial communities
sensitive to disturbance through land-use change with a short planting
age (Allison and Martiny, 2008), and subsequent recovery in a long
planting age (Gregory et al., 2009). Besides, the differences in bacterial
beta-diversity may be a consequence of habitat heterogeneity
(Hanson et al., 2012; Kallimanis et al., 2008) as verified by RDA
(Fig. 6). Soil bulk density and moisture were the main environmental
factors driving the spatial variability, but pH had a small effect on soil
bacteria. This is different with the findings of most studies showing
that pH is the main environmental factor driving spatial and temporal
bacterial distribution (Lauber et al., 2009; Rousk et al., 2010; Tripathi
et al., 2012). This discrepancy may be attributed to the slight variation
of pH with land-use change in our study (Table 1).

Therewas no significant difference in beta-diversity between CS and
YRS, indicating that vegetation type has only considerable influence on
soil bacterial beta-diversity, especially within short planting age.
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Agricultural management practices, such as fertilisation and irrigation,
result in the relatively similar of soil properties and lead to a homogeni-
sation of soil bacterial communities in short term (Figuerola et al.,
2015). This indicated that soil management plays a more important
role than vegetation type on soil bacterial beta-diversity in short term,
and sustainable soil management would be helpful to minimize the
damage of land-use change to soil bacteria.

4.3. Predicted gene abundances within metabolic pathways

Because dominant bacteria have an important role in maintaining
soil ecological functions, we used PICRUSt analysis for the predicted
gene abundance within metabolic pathways based on high-
throughput sequencing data. The predicted gene abundances within
metabolic pathways in CS differed little comparing with those in NFS,
whereas they exhibited significant differences between NFS and YRS
or ORS (Fig. 7). The results indicated that the alterations in soil func-
tional traits after land-use change were influenced by vegetation type,
which potentially caused considerable shifts in soil properties
(Roberts et al., 2009) and aggravated the changes in soil functional traits
(Feng et al., 2018). Additionally, differences in vegetation litters and
root exudates could change soil bacterial composition and diversity,
exerting specific effects on soil functional microbes (Somers et al.,
2004; Wardle et al., 2004). However, there was no notable difference
in the predicted gene abundances within metabolic pathways between
YRS and ORS, showing that planting age had a small influence on soil
functional traits after land-use change (Fig. 7). It may be attributed to
the stronger influence of vegetation type on functional traits than plant-
ing age. It is worth noting that no significant difference in the nitrogen
metabolismwas observed under land-use changewith different vegeta-
tion types, possibly explained by the low abundance of functional bacte-
rial taxa related to nitrogen cycle as revealed by high-throughput
sequencing, and further work is suggested to target the functional
genes associated with nitrogen cycle via metagenomics or GeoChip
(Wardle et al., 2004).

5. Conclusions

In this study, we investigated the responses of soil bacterial com-
munity composition and diversity to land-use change from tropical
natural forest to cropland and rubber plantation in the Hainan region
of China. Land-use change altered the soil bacterial community com-
position and significantly influenced bacterial beta-diversity, but had
only considerable influence on bacterial alpha-diversity. The key en-
vironmental factors shaping the bacterial community were soil bulk
density and moisture, not pH. The significant effects of planting age
suggested that soil bacterial beta-diversity could recover over time.
Compared with planting age, vegetation type had a small influence
on soil bacterial beta-diversity after land-use change. Moreover,
the analysis of bacterial predicted gene abundances within meta-
bolic pathways revealed that soil functional traits were significantly
influenced by land-use changes and vegetation types, but not plant-
ing age. Our findings offer evidence for a strong effect of land-use
change and management on soil bacterial communities, and a basis
for further research on their structural and functional stability in
converted tropical forest soils.
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