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high-throughput sequencing of 16S rRNA and ITS rRNA genes, the present study investigated the changes in
soil properties and soil microorganisms after afforestation of natural grasslands with Chinese pine (Pinus
tabuliformis) on the Loess Plateau in China. Results showed that soil bacterial diversity had no significant differ-
ences among the grassland (GL), forest-grassland transition zone (TZ), and forestland (FL), while soil fungal di-
versity in the GL was significantly higher than that in the FL and TZ (P < 0.05). The proportion of shared OTUs in
the soil bacterial community was higher than that in the soil fungal community among the three land use types.
The dominant bacterial phylum shifted from Proteobacteria to Actinobacteria, while the dominant fungal phylum
shifted from Ascomycota to Basidiomycota after the GL conversion to the FL. The functional groups of ECM fungi
increased significantly while biotrophic fungi decreased significantly after grassland afforestation. Both the soil
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Soil bacteria
Soil nitrogen

bacterial and fungal communities in the TZ showed great similarity with those in the FL. In addition, among all
examined soil properties, soil nitrogen (N) showed a more significant effect on the soil microbial communities.

The reduction of soil N after grassland afforestation resulted in both the structure and function changes in soil mi-
crobial communities. Our results demonstrated simultaneously differential changes in the composition and di-
versity of both soil bacterial and fungal communities after afforestation from grasslands to planted forests.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Soil microorganisms are primary drivers of ecosystem processes,
accomplishing soil organic matter and plant litter decomposition, as
well as mediating carbon (C) and nitrogen (N) biogeochemical cycles
in terrestrial ecosystems (de Menezes et al., 2017; Wang et al., 2017).
Therefore, understanding soil microbial composition and diversity can
reveal interrelations between soil microorganisms and local environ-
ments, and how these communities respond to anthropogenic distur-
bances (Jangid et al., 2011; Mendes et al., 2015).

Land use conversion has significantly affected on the composition
and structure of soil microbial community (Guo et al., 2018; Mendes
et al,, 2015; Tian et al., 2017). On the one hand, both the quality and
quantity of aboveground litter and belowground roots supplied to soil
microorganisms differ among land types (Jangid et al., 2011). On the
other hand, changes in soil properties such as pH, moisture, clay, C, N
and phosphorus availability, under different land types, have significant
impacts on soil microbial communities (Fierer, 2017; Guo et al., 2018).
For example, Mendes et al. (2015) reported a higher abundance of
Acidobacteria and Chlamydiae in the forest soil, Actinobacteria in
deforested site, Nitrospira and Deinococcus-Thermus in agriculture,
and Firmicutes in pasture. Wood et al. (2017) found an increased bacte-
rial diversity after the conversion of tropical forests to oil palm planta-
tion, whereas only slight differences in bacterial diversity and
community composition between the regenerating and primary forests.
Although studies have documented the response of soil microbial com-
munities to land use conversions, most of them have focused only on ei-
ther bacterial or fungal community (Bachelot et al., 2016; Cao et al.,
2017; Yang et al., 2017, C. Zhang et al., 2016). Both bacteria and fungi
are major players in soil biogeochemical cycles, and the effects of land
use conversion on the composition and structure of soil bacterial and
fungal communities remain poorly understood (Gunina et al., 2017;
Tian et al.,, 2017). A more comprehensive understanding of the interplay
among land use types, soil properties, and soil bacterial and fungal com-
munities will improve the prediction and management of terrestrial
ecosystem.

Afforestation has been widely implemented all over the world for
the purpose of soil conservation, ecological improvement and C seques-
tration (Hiltbrunner et al., 2013; Cavagnaro et al., 2016; Deng et al.,
2017; Deng and Shangguan, 2017; Ren et al., 2018). Because of the crit-
ical role of bacteria and fungi in the soil C and N cycle, the effects of af-
forestation on soil microbial communities have been already studied
(Kageyama et al., 2008; Macdonald et al., 2009; Bachelot et al., 2016;
Gunina et al.,, 2017; Zhao et al., 2018). Studies have shown that soil mi-
crobial communities respond differently to afforestation since the dif-
ference in site conditions, soil types, land use history, tree species and
age (Jangid et al,, 2011; Mendes et al.,,2015; Kang et al., 2018). However,
the use of the modern high-throughput sequencing approach to study
the effects of afforestation on soil microbial communities is limited, par-
ticularly how afforestation could concurrently affect soil bacterial and
fungal communities.

The transition zones between grassland to forestland experience the
combined effects of forest and grass ecosystems, where the soil proper-
ties, such as moisture, pH, organic matter, extractable NHJ, etc., are in-
termediate between grassland and forest soils (Griffiths et al., 2005).
Changes in soil properties in transition zone are inevitably associated
with changes in soil microorganisms. For example, Kageyama et al.

(2008) found that bacterial communities near the meadow-forest tran-
sition zone reflected current vegetation, and fungal communities under
meadow vegetation near the forest edge were intermediate between
those found in meadow and forest soils. Thus, the study of soil microbial
communities in transitional zones could help to promote our under-
standing of the effects of grassland afforestation on soil C and N cycles
(WEei et al., 2010). However, a simultaneous analysis of the composition
and structure of soil bacterial and fungal communities in transitional
zones from grassland to forestland has been largely ignored.

In the present study, the changes in the diversity, composition, and
relative abundance of the dominant taxa of both soil bacterial and fun-
gal communities in grasslands (GL), forestlands (FL), and their transi-
tional zones (TZ) after grassland conversion to Chinese pine plantation
were addressed, and the relationships of specific microbial phylum
with soil physical and chemical properties were also analyzed. We hy-
pothesized that the soil bacterial and fungal communities could differ-
entially respond to land use conversion, and that their different
responses are related to soil physicochemical alterations that have
been resulted from grassland afforestation. We also reasoned that an in-
crease in the symbiotic ectomycorrhizal (ECM) fungi and arbuscular
mycorrhizal (AM) fungi were likely respectively with pine trees and
grasses, and an increased in the diversity of microbial communities as
a whole could be based on more recalcitrant pine litter. In three con-
trasting land use types of GL, FL and TZ, the main objectives of this
study were thus to identify (1) their differential changes in the compo-
sition and diversity of both soil bacterial and fungal communities; and
(2) the potential key soil properties that could affect the structure and
diversity of bacterial and fungal communities.

2. Materials and methods
2.1. Study sites

The study site is located in the Lianjiabian Forest Farm (108°10'-
109°18’E; 35°03’-36°07’N) in Heshui County, Ganshu Province, China
(Fig. 1). The Lianjiabian Forest Farm lies in the hinterland of Ziwuling
forest region of Chinese Loess Plateau. This site has a typical landform
of loess hilly topography with an altitude of 1211-1453 m. This region
has a mean annual temperature of 10 °C and a mean annual rainfall of
587 mm (Wang et al., 2016). The soils at the study site are classified
as Inceptisols (USDA Soil Taxonomical System), i.e. loess, which has de-
veloped from primary or secondary loessial parent materials. The main
types of natural vegetation are Quercus liaotungensis and Populus
davidiana forest with a canopy density typically in the range of 80%-
90%, whereas Pinus tabulaeformis (Chinese pine) is the most widely
planted tree throughout the region (Deng et al., 2016; Zhu et al., 2017).

In the early 1980s, the Chinese government launched a reform of
rural land contracting system. Since then, numerous croplands have
been abandoned for natural succession in the Ziwuling forest region
owing to the land being transferred from the village to the state-
owned forestry farm. During 1999-2010, a large-scale ecological resto-
ration program named “Grain for Green Program” has been launched by
the Chinese government, and numerous natural types of grassland in
the Lianjiabian Forest Farm have been converted to Chinese pine planta-
tion for the purpose of soil conservation. Nevertheless, some natural
grassland still exists.
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Fig. 1. Study area located in the Loess Plateau, China.

2.2. Experimental design and soil sampling

Soil microbial community is sensitive to climate, soil properties, veg-
etation types, etc., and has a high spatial and temporal variability
(Tedersoo et al., 2014). Moreover, land use history also has an important
influence on the soil microbial community (Jangid et al., 2011). There-
fore, appropriate experimental sites are the prerequisites for successful
investigation of soil microbial community. In the present study, all the
sampling plots had similar soil and climate conditions, as well as land
use history (originated from farmland >50 years ago). Thus, the
sampling site provides an ideal location for studying the effects of
grassland afforestation on soil biotic and abiotic factors. In addition, as
soil microorganisms in the surface soil are the most sensitive to land
use conversion, only the surface soils at 0-5 cm depth were collected.

Three paired plots with distance of about 1 km from each other
were randomly selected in the study site. In each plot, a transect
(200 m x 50 m) perpendicular to the forest-grass boundary was
established. In the study site, the natural grasslands were formed
after cropland abandonment for about 30 years, and then the Chi-
nese pine were planted on these natural grasslands 15 years ago. In
the forestland, the Chinese pine had a canopy density about 90%,
and the surface soil of the forestland was almost completely covered
by needle litters of about 6-cm thickness; thus, little grass existed on
the ground. In the transition zones, the canopy density of Chinese
pine was about 40% and grass grew in the forest gaps. And in the
grassland, it exhibited about 90% coverage with the main species of
Bothriochloa ischaemum, Carex lanceolata, and Potentilla chinensis.
Soils were separately sampled in three paired Chinese pine forest-
lands (under tree canopies), their transition zones from grasslands
to forestlands (in the forest gaps) and adjacent natural grasslands
(under vegetation) in late May 2017. Leaf litter in the forestland

and grassland was collected in late November 2017 to measure
their carbon and nitrogen content.

Along each transect, one sampling subplot (10 m x 10 m) in the cen-
ter of each land use type was set and each plot had divided into 5 sub-
plots. Five soil cores (5 cm inner diameter, 0-5 cm depths) were
collected from the center and four corners of each subplot, and then
pooled into a composite sample. Litter and humus were removed before
soil sampling, and the soil temperature (ST) and soil moisture (SM) at
5 cm depth were measured using a portable soil moisture and temper-
ature meter (Takeme-20, Dalian Endeavour Technology Co. Ltd., China)
in each sampling subplot. All the samples were sieved through a 2-mm
sieve to remove the roots, and then divided into two subsamples. One
subsample was air-dried for measuring the basic physical and chemical
parameters, while another was stored at —80 °C for DNA extractions
and molecular analyses.

2.3. Physical and chemical analyses

Soil bulk density (BD) for the top 5 cm soil layer was measured using
a 100 cm? soil bulk sampler. The soil particle sizes (Clay, Silt, and Sand
content) were determined by laser granulometry (Mastersizer 2000,
Malvern Instruments Ltd., UK), and the soil pH was measured at a soil/
water ratio of 1:2.5 (PHSJ-4A pH meter, Zhangqiu Meihua International
Trading Co., China). The soil inorganic carbon (SIC) was analyzed using
the CM140 Total Inorganic Carbon Analyzer (UIC Inc., Rockdale, Illinois,
USA), and the soil organic carbon (SOC) and leaf litter carbon (LC) were
measured using the dichromate oxidation method (Nelson and
Sommers, 1996). The soil total nitrogen (TN) and leaf litter nitrogen
(LN) were assayed using the Kjeldahl method (Bremner, 1996), soil
available nitrogen (SAN) was calculated as the sum of soil ammonium
nitrogen (NHJ ) and nitrate nitrogen (NO3 ). Soil NHf and NO3™ were
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extracted with 2 M KCl for 18 h and colorimetrically determined using
an Alpkem Autoanalyzer (OI Analytical, College Station, USA).

2.4. DNA extraction, PCR amplification, and Illumina HiSeq 2500
sequencing

DNA was extracted from 0.5 g of fresh soil sample using E.Z.N.A.®
Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA), according to the man-
ufacturer's protocols. The DNA concentration and purity were moni-
tored on 1% agarose gels. For bacteria, the V3-V4 region in the 16S
RNA gene was amplified by PCR using the primers 341F (5’-barcode-
GTGCCAGCMGCCGCGG-3") and 806R (5'-CCGTCAATTCMTTTRAGTT
T-3’). For fungi, the ITS1 region in the rRNA gene was amplified by
PCR using the primers ITSTF (5-CTTGGTCATTTAGAGGAAGTAA-3") and
ITS2R (5’-GCTGCGTTCTTCATCGATGC-3’). The PCR was performed in
triplicate using 20 pL of reaction mixture containing 4 L of 5 x FastPfu
buffer, 2 pL of 2.5 mM dNTPs, 0.8 pL of each primer (5 pM), 0.4 pL of
FastPfu polymerase, and 10 ng of template DNA. The PCR for both bacte-
ria and fungi were performed using a Veriti Thermal Cycler (Applied
Biosystems) with initial denaturation at 95 °C for 2 min, followed by
25 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, and a final
extension at 72 °C for 5 min. The amplicons were extracted from 2% aga-
rose gels and purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) according to the manufactur-
er's instructions, and quantified using QuantiFluor™-ST (Promega,
USA). The purified PCR products of all samples were mixed in equal
mole amounts and paired-end sequenced (2 x 250) on an [llumina
HiSeq 2500 platform (Illumina Int., San Diego, CA, USA) according to
the standard protocols. The raw reads were deposited into the NCBI Se-
quence Read Archive (SRA) database (Accession Number: SRP150160).

2.5. Processing of sequencing data

The raw sequence files were analyzed and quality-filtered using
QIIME (version 1.9.1) with the following criteria: (i) the 250-bp reads
were truncated at any site receiving an average quality score of <20
over a 50-bp sliding window; (ii) the exact barcode matching two-
nucleotide mismatch in primer matching reads containing ambiguous
characters were removed; and (iii) only sequences with >10 bp overlap
were assembled according to their overlap sequence. Reads that could
not be assembled were discarded. The chimeric sequences were identi-
fied and removed using UCHIME software (http://drive5.com/uchime/).
The operational taxonomic units (OTUs) with 97% similarity cutoff were
clustered using the UPARSE software (http://drive5.com/uparse/). The
representative sequence of each OTU was taxonomically classified by
the Ribosomal Database Project (RDP) Classifier (http://rdp.cme.msu.
edu/) against the SILVA (SSU123) database for 16S rRNA and the
UNITE database for ITS rRNA using a confidence threshold of 70%
(Amato et al., 2013).

The sequencing depth of the soil bacteria and fungi in all samples
was >98%, indicating that they were reliable sequencing results. The av-
erage values were 39,934 high-quality 16S sequences for bacteria and
38,325 high-quality ITS sequences for fungi of all samples. A normalized
sequences dataset was used to assess the microbial diversity among the
samples in a comparable manner. To normalize the data, a subset of the
lowest number of sequences across all samples (33,459 for bacteria and
31,787 for fungi) was randomly selected using the mothur software
package. The rarefaction curves for the bacteria and fungi demonstrated
that our sequencing data were representative of most of their composi-
tions (Supplementary Fig. S1). Indices (Chao, Shannon) reflecting com-
munity diversity and Good's coverage were also analyzed based on
MOTHUR (v.1.21.1, http://www.mothur.org/). In addition, the fungi
were divided into four functional types of biotroph, saprotroph,
symbiotroph, and unidentified according to their trophic status based
on the Index Fungorum database (www.indexfungorum.org) (Supple-
mentary Table S1).

2.6. Statistical analyses

Venn diagrams were constructed to count the number of common
and unique OTUs in different land use types using the R VennDiagram
package (Chen and Boutros, 2011). Principal coordinate analysis
(PCoA) was conducted to compare and visualize the similarities
among soil samples using the R vegan package (Oksanen et al., 2018).
Similarities in the samples based on the microbial taxon (bacteria and
fungi) were measured using the weighted UniFrac distance with the
QIIME version 1.9.1 for phylogenetic relationships. Cluster analysis on
phylum was performed with the RDP Classifier using the complete link-
age hierarchical clustering technique from the R cluster package
(Maechler et al., 2018). Canonical Correlation Analysis (CCA) was used
to elucidate the relationships between the soil properties and microbial
groups using the R vegan package (Oksanen et al., 2018). The relations
between the soil properties and microbial groups were examined
using the Monte Carlo permutation (999 repetitions). The data sets
were analyzed prior to the CCA assay using the detrended correspon-
dence analysis to confirm that the gradient lengths fit a hump model.
All statistical analyses were conducted using the R software package
v.3.5.0 (R Core Team, 2018).

One-way analysis of variance (ANOVA) was used to analyze the dif-
ferences in the diversity index of both the soil bacterial and fungal com-
munities among the FL, GL, and TZ sites. Tukey's HSD (honestly
significant difference) test was used for multiple comparisons when a
test for homogeneity of variance was successful, and significance was
observed at P < 0.05. Stepwise regressions were performed to identify
the best independent soil factors affecting soil bacterial and fungal di-
versity. One-way ANOVA, Tukey's HSD test and stepwise regressions
were conducted using SPSS 16.0.

3. Results
3.1. Changes in soil and litter properties

Assignificant decrease was observed in ST, SM, Clay, Silt, SIC, SOC, TN,
SAN, and LN; yet Sand, C/N, LC and L-C/N increased after Chinese pine
planted on the grasslands (P < 0.05) (Table 1). In addition, some soil
properties in TZ also showed significant differences from GL and FL (P
< 0.05) (Table 1). However, soil physical properties such as ST, Silt,
Sand in TZ were more close to those in GL, while soil chemical

Table 1
Properties of soil at 0-5 cm depth and litter in the three land use types.
Land types GL TZ FL
Soil ST (°C) 25.7 + 0.8a 26.7 £ 1.9a 21.1 £0.7b
SM (%) 9.0 + 1.1a 5.8 +0.9c 7.2 £1.0b
BD (g/cm?) 1.16 4 0.03a 1.13 4 0.04a 1.14 4 0.04a
Clay (%) 11.6 £ 0.9a 10.0 & 0.8b 9.1 + 0.4b
Silt (%) 44.2 4+ 3.0a 44,5 4+ 2.9a 39.9 4+ 2.5b
Sand (%) 44.1 4+ 3.8b 45.5 4 3.6b 51.0 + 2.9a
pH 8.23 £ 0.03b 8.35 + 0.08a 8.21 + 0.08b
SIC (g/kg) 18.1 £ 0.7a 16.2 + 1.0b 15.9 £ 0.5b
SOC (g/kg) 203 £ 0.7a 16.2 4+ 0.5¢ 189+ 0.9b
TN (g/kg) 1.71 4+ 0.05a 1.23 4+ 0.10b 1.36 4 0.04b
C/N 123 4+ 0.4b 142 + 14a 14.1 £ 04a
SAN (mg/kg) 10.2 £ 0.5a 5.1+ 0.8b 37+ 11b
Litter LC (g/kg) 397.2 4+ 30.3b / 481.5 4+ 21.6a
LN (g/kg) 134+ 0.1a / 8.4 +0.2b
L-C/N 29.6 + 2.2b / 573 + 2.8a

Note: GL, FL, and TZ indicate in natural grassland, Chinese pine forest, and the transition
zone from natural grassland to Chinese pine forest, respectively. ST (soil temperature);
SM (soil moisture); BD (soil bulk density); Clay (soil clay content); Silt (soil s ilt content);
Sand (soil sand content); SIC (soil inorganic carbon); SOC (soil organic carbon); TN (soil
total nitrogen); C/N (ratio of soil organic carbon to soil total nitrogen); SAN (soil avaible
nitrogen); LC (litter carbon); LN (litter Nitrogen); L-C/N (ratio of litter carbon to litter ni-
trogen); / (not measured). Different lower-case letters mean significant differences among
different sites (P < 0.05). The same as below.
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Table 2

HiSeq 2500 sequencing results and diversity index of soil bacterial and fungal communities in the three land use types. Different lower-case letters mean significant differences among

different land use types (P < 0.05).

Soil microorganism Sites Sequences 0.97*
OTU Chao Shannon Coverage
Bacteria GL 34,982 4+ 1730b 1991 + 172a 2254 + 198a 59 + 0.5a 0.989 4+ 0.0
TZ 38,173 4 1003a 2010 + 32a 2306 + 39a 6.2 + 0.1a 0.989 + 0.0
FL 31,098 + 1618c 1865 + 77a 2228 + 27a 6.1 + 0.2a 0.987 £+ 0.0
Fungi GL 38,168 + 4954a 592 + 63a 629 + 30a 4.5 + 04a 0.998 + 0.0
TZ 34,857 4 4403a 410 4+ 23b 487 + 11b 3.0+ 0.1b 0.997 4+ 0.0
FL 40,511 + 1606a 338 4+ 69b 415 + 48b 2.6 + 0.6b 0.998 + 0.0

Note: GL, FL, and TZ indicate study sites in natural grassland, Chinese pine forest, and the transition zone from natural grassland to Chinese pine forest, respectively. *The operational tax-
onomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE software (version 7.1 http://drive5.com/uparse/).

properties such SIC, TN, C/N and SAN were similar with those in FL (P>
0.05) (Table 1).

3.2. Diversity of soil bacterial and fungal communities

The differences were insignificant with respect to the OTUs, Chao
index, and Shannon index of the soil bacterial community among the
GL, FL and TZ (P> 0.05) (Table 2). In contrast, the OTUs, Chao index,
and Shannon index of the soil fungal community in the GL were signif-
icantly higher than those in the FL and TZ (P < 0.05), whereas there were
no significant differences in the soil fungal diversity between the FL and
TZ (Table 2). A total of 1991 soil bacterial OTU sequences were common
among the FL, GL, and TZ, accounting for a range of 81.8%-86.2% of the
total bacterial OTUs (Fig. 2a). In contrast, only 266 soil fungal OTU se-
quences were common among the three land use types, accounting
for 30.2%-49.9% of the total fungal OTUs (Fig. 2b).

3.3. Composition of soil bacterial and fungal communities

The average number of bacterial OTUs in GL, FL and TZ were 1991 +
172, 1865 4 77, and 2010 + 32, respectively (Table 2). The average
number of fungal OTUs in GL, FL and TZ were 592 + 63, 338 + 69,
and 410 &+ 23, respectively (Table 2).

At the level of phylum, the dominant bacterial groups were
Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, and
Firmicutes with a relative abundance of >5% in all three land use types
(Fig. 3a). After grassland afforestation for 15 years, the most dominant
bacterial phylum changed from Proteobacteria (32.8%) to
Actinobacteria (35.7%) (Fig. 3b). When compared with the GL, the
mean relative abundance of Actinobacteria and Chloroflexi increased
by 17.0% and 1.6%, whereas that of Proteobacteria, Acidobacteria, and
Firmicutes decreased by 6.1%, 9.6%, and 2.6% in the FL, respectively
(Fig. 3b). A similar variation in the dominant bacterial phylum was ob-
served in the TZ where the relative abundance of Actinobacteria and
Chloroflexi increased by 15.8% and 0.9%, but the relative abundance of

7
(52

@) TZ (83.7%)

FL (86.2%) GL (81.8%)

Proteobacteria, Acidobacteria, and Firmicutes decreased by 6.4%, 8.1%,
and 2.0%, respectively, compared with the GL.

With regard to the fungal community, the dominant soil fungal
groups at the phylum level were Basidiomycota and Ascomycota in all
three land use types (Fig. 3¢). In the FL and TZ, Basidiomycota and Asco-
mycota accounted for 98% and 95% of the soil fungal community, re-
spectively (Fig. 3d). When compared with the GL, the mean relative
abundance of Basidiomycota increased by 34.5% and 36.7%, whereas
that of Ascomycota, Fungi_Unclassified, and Zygomycota decreased by
8.7% and 13.7%, 17.0% and 13.9%, and 8.6% and 8.8% in the FL and TZ, re-
spectively (Fig. 3d).

At the level of genus, the composition of high abundance bacterial
genera was generally consistent across GL, FL and TZ, but there was an
obviously difference in both the composition and abundance of fungal
genera between GL and other two land use types (Fig. 4). The most
dominating assigned bacterial genera in all sites were Bacillus,
Lactococcus and Sphingomonas (Supplementary Fig. S2). The most dom-
inating assigned fungal genera were Mortierella, and Clavaria in the GL,
while they changed to Sebacina and Trechispora in FL and TZ (Supple-
mentary Fig. S3).

The cumulative loads of the first two axes of the PCoA of both the
bacterial and fungal communities were 78.7% and 78.2%, respectively,
which distinctly separated with the three land types (Supplementary
Fig. S4). When compared with bacterial PCoA, the fungal PCoA sepa-
rated the three land types more clearly. On the first major axis, GL was
well separated from FL and TZ, whereas on the second major axis, FL
and TZ were well separated (Supplementary Fig. S4). Similarly, the clus-
ter analysis also distinguished soil bacteria and fugal communities in the
GL from those in the FL and TZ (Fig. 3a, c¢). These results also indicated
that the soil microbial composition was close to each other in the TZ
and the FL.

3.4. Functional groups of soil fungal communities

A total of 245 genera of fungi were detected in the GL, including 105,
37, 10, and 72 genera of biotroph, saprotroph, symbiotroph, and

A
(7

TZ (45.2%) ®)

FL (49.9%) GL (30.2%)

Fig. 2. OTU Venn analyses of the soil bacterial (a) and fungal communities (b) in the three land use types. The proportion of the common OTUs in each land use type was indicated in the in
parentheses. GL, FL, and TZ indicate natural grassland, Chinese pine forest, and the transition zone from natural grassland to Chinese pine forest, respectively.
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Fig. 3. Cluster and taxonomic composition of the soil bacterial (a) and fungal (c) communities at the levels of phylum. Figures in the right show the relative abundance of the major
bacterial (b) and fungal (d) communities in the three land use types. GL, FL, and TZ indicate natural grassland, Chinese pine forest, and the transition zone from natural grassland to

Chinese pine forest, respectively.

unclassified fungi, respectively (Supplementary Table S1). The relative
abundance of the functional groups of biotroph, saprotroph,
symbiotroph, and unclassified fungi were 5.8%, 30.3%, 3.4%, and 60.6%,
respectively (Fig. 5). When compared with the GL, the number of fungal
genera in the FL and TZ was lower (186 and 187 fungal genera, respec-
tively) (Supplementary Table S1). Furthermore, the relative abundance
of biotroph, saprotroph, symbiotroph and unclassified fungi decreased
to 0.7% and 0.9%, 15.7% and 16.1%, 58.1% and 66.0% and 25.5% and 17%,
in the FL and TZ, respectively (Fig. 5). Moreover, almost all of the
symbiotroph fungi in the FL and TZ were ECM fungi.

3.5. Relationship between microbial community composition and soil envi-
ronmental factors

The CCA explained 76.4% and 92.8% of the relationship between
bacterial and fungal phylum and soil factorsacross the first two
canonical axes, respectively (Fig. 6). The CCA also showed that SAN
and TN were the predominant factors that both significantly affected
the soil bacterial and fungal communities (P < 0.05). SM, clay, and
SOC also had substantially, but not significantly, effects on the
soil bacterial and fungal communities (P < 0.1) (Supplementary
Table S2). In addition, the stepwise regressions models indicated
that SAN was the determining factor in prediction of soil fungal di-
versity (Supplementary Table S3).

4. Discussions
4.1. Effects of land use change on soil microbial community

Our results refused the hypothesis that soil microbial diversity
increased due to more recalcitrant litter after afforestation with
Chinese pine plantation. Differences in the soil bacterial diversity
were insignificant among the GL, FL, and TZ (P> 0.05), whereas the
soil fungal diversity was significantly decreased after grassland
afforestation (P<0.05) (Table 2). Moreover, the proportion of shared
OTUs in soil bacterial community was much higher than that in soil
fungal community among the three land types (Fig. 2). These results
indicated that soil fungi responded stronger to Chinese pine planted
on grassland than bacteria did. This finding is in agreement with
previous studies in which afforestation has been noted to typically
stimulate the development of soil fungal communities (Gunina
et al., 2017; Jangid et al., 2011), whereas soil bacteria appeared to
be less sensitive to land use changes (Xue et al., 2016; Zhong et al.,
2018). It is reported that bacterial communities are more resistant
and resilient to environmental perturbations than fungi in terms of
structure, diversity and biomass (Uroz et al., 2016). Bacteria are
capable of metabolizing a wider range of compounds, which may
explain their relative stability. In contrast, fungi depend strongly on
the existing of their tree hosts (Hartmann et al., 2013), thus they
would greatly response to the land use change.
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Fig. 4. Heatmap displaying the relative abundance of top 20 assigned bacterial (a) and fungal (b) genera across all the land use types. GL, FL, and TZ indicate natural grassland, Chinese pine

forest, and the transition zone from natural grassland to Chinese pine forest, respectively.

In the present study, the variation patterns of soil bacterial and fun-
gal community at the genera level across the GL, FL and TZ were gener-
ally consistent with those changes at the phylum level (Figs. 3 and 4).

80 —

=)
S
1

Relative abandunce (%)
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1 |
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Biotroph Saprotroph

Functional types

Fig. 5. Relative abundance of the fungal functional types in the three land use types. Since
the coverage for AMF is incomplete using ITS primers, only ECM fungi were included in the
symbiotroph group. GL, FL, and TZ indicate natural grassland, Chinese pine forest, and the
transition zone from natural grassland to Chinese pine forest, respectively.

Since the low relative abundance and the high variations within group
of soil bacterial and fungal community at the genera level, only the com-
position and relative abundance at the phylum level were discussed in
the study.

At the phylum level, grassland afforestation did not change the dom-
inant phyla of the soil bacterial community, but their relative abun-
dances were obviously altered (Fig. 3b). The dominant bacterial phyla,
included Actinobacteria, Acidobacteria, Chloroflexi, Firmicutes, and
Proteobacteria, were consistent with those in previous studies (Zeng
etal,2017; Y. Zhang et al., 2016, C. Zhang et al., 2016). When compared
with the GL community, the relative abundance of Proteobacteria and
Acidobacteria decreased by 6.1% and 9.6%, whereas that of
Actinobacteria increased by 17.0% in the FL (Fig. 3a). Actinobacteria
are spore-forming bacteria that are considered to be dominant under
harsh and stressful soil conditions (Dang et al., 2017; Teixeira et al.,
2010), whereas Proteobacteria have the ability to rapidly grow in soil
with sufficient labile substrates (Fierer et al., 2007; Y. Zhang et al.,
2016, C. Zhang et al.,, 2016). Besides, Actinobacteria are capable of
decomposing more recalcitrant organic carbon by penetrating their
hypha into bulky plant tissues (Dang et al., 2017). Thus, it can be con-
cluded that the transition in the relative abundance of Proteobacteria
and Actinobacteria after land use conversion could be a result of de-
crease in soil nutrients (SOC, TN and SAN) in Chinese pine plantation
(Table 1, Fig. 6a). However, the abundance of Acidobacteria also de-
clined in the FL and TZ, which is in contrast to the results of previous
studies that reported that Acidobacteria are also groups preferring
nutrient-poor environments (Fierer et al., 2007; Zeng et al., 2017; Y.
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Zhang et al., 2016, C. Zhang et al., 2016). These inconsistent findings
could be attributed to the numerous subdivisions in the Acidobacteria
phylum that were found in a wide range of habitats in the terrestrial
ecosystem (Kielak et al,, 2016). It must be noted that different subdivi-
sions show varied correlations with respect to soil nutrients. For exam-
ple, while the subdivision 1 presented negative correlations with soil C,
N, and phosphorous, the members of the subdivisions 5, 6, and 17 ap-
peared to be highly abundant in more nutrient-rich soils (Kielak et al.,
2016).

Basidiomycota and Ascomycota were the most abundant soil fungal
phyla in all three land use types. However, the dominant fungal phylum
changed from Ascomycota to Basidiomycota after grassland afforesta-
tion (Fig. 3d). This result was supported by previous studies that re-
ported the relative abundance of Basidiomycota increased from 10.9%
to 68.7% after pine planted in abandoned land for 29 years (Dang
etal., 2017). As an important source of nutrients and energy for soil mi-
croorganisms, leaf litter plays an essential role in shaping the composi-
tion and structure of soil microbial community (Grosso et al.,, 2016). In
the study, litter quality is significantly declined (lower LN, higher C/N)
after grassland afforestation (Table 1), which would contribute to the
shift of soil fungal community. Both the litter C/N ratio and N content
were significantly correlated with bacterial and fungal communities
(Purahong et al., 2016). For low-quality litter with high lignified and ar-
omatic substrates, fungi may use extracellular peroxidases to oxidize
lignin, obviously to obtain access to cellulose, N, and other nutrients
that are physically or chemically protected by lignin in plant litter. How-
ever, only a fraction of fungal taxa has the ability to secrete enzymes
that catalyse the degradation of complex macromolecules such as lignin
(Floudas et al., 2012). And they are largely restricted to the class
Agaricomycetes within the Basidiomycota (Treseder and Lennon,
2015). Meanwhile, a previous study reported a clear shift from Ascomy-
cota to Basidiomycota with the decline of litter quality (Purahong et al.,
2016). In contrast, vegetation restoration has been noted to cause a
transition in the soil fungal community from Basidiomycota-dominant
to Ascomycota-dominant due to an increase of available nutrient
(Yang et al., 2017). In the present study, the shift from Ascomycota-
dominant to Basidiomycota-dominant soil fungal community after
grassland afforestation was associated with a significant decrease in
SOGC, TN, SAN and litter quality (Table 1).

In addition, the functional groups of the fungal community also sig-
nificantly changed after land use conversion and the relative abundance
of ECM fungi distinctly increased from the GL to FL and TZ (Fig. 5). It has

been reported that the ECM fungi are the most widespread among trees
of the temperate and boreal zones (Baldrian, 2017). As ECM fungi are
strongly affected by their host, their richness is positively correlated
with the proportion and species richness of ECM plants (Tedersoo
et al.,, 2014). ECM fungi comprise 34.1% of all the taxa in the northern
temperate deciduous forests, while they account for only 11.9% in grass-
lands, which reflecting the paucity of host plants in grassland ecosys-
tems (Tedersoo et al., 2014). When compared with grassland,
forestland provides wider niche for fungal infestation. The pine family,
as a member of the well-known ECM plant taxon, that their dominance
and therefore presence in greater density, provides more roots for the
colonization by ECM fungi, thus yielding greater species density than
grassland can (Tedersoo et al., 2014). Moreover, ECM fungi benefit
from organic matter decomposition primarily through increased nitro-
gen mobilization (Lindahl and Tunlid, 2015), and the mycelia of ECM
extend from tree roots into soil and supply trees with mineral nutrients,
especially nitrogen (Baldrian, 2017). In the present study, the increase
in ECM fungal abundance in the FL and TZ, when compared with that
in the GL, corresponded to the decreases in the TN and SAN after land
use conversion. We might conclude that the FL and TZ compensates
for the decrease of available N by enhancing N uptake of functional mi-
crobial community in compared with GL.

The soil microbial communities in the TZ grouped together with
those in the FL, were distinct from those in the GL, with the soil fungal
communities being more distinguishable than the soil bacterial commu-
nities (Fig. 3 and S4). A previous study also reported that the soil fungal
community in grasslands to forestlands transition zone was closer to
that in the forest soil (Kageyama et al., 2008), which could be attributed
to the similar soil nutrient conditions between the transition zone and
forestland. In the present study, the TN, SAN, and C/N ratio showed sim-
ilar between the TZ and FL, but were significantly higher in the GL
(Table 1). It must be noted that these soil factors had the strongest influ-
ence on the composition of soil bacterial and fungal communities
(Fig. 6). Plants influenced the soil microbial communities through
their impact on the soil properties (Uroz et al.,, 2016). An earlier study
demonstrated that trees were clearly dominating the soil biogeochem-
ical cycle despite the presence of grass throughout the transition zone
(Griffiths et al., 2005). In the forestland, the horizontal and vertical dis-
tribution of the root system underground is wider than that in the grass-
land (Schenk and Jackson, 2002), and although grass still covers the
ground in the transition zone, the soil biological and abiotic processes
are significantly affected by the encroachment of tree roots. A gradient
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of ECM fungal inoculum radiating out from the forest edge has been
reported, and the diversity of ECM fungi has been found to decline
with distance from the trees. In particular, the effect of trees on soil
fungi has been observed to reach as far as 20 m depending on the tree
size and colonization age (Dickie and Reich, 2005).

4.2. Effects of soil environmental factors on soil microbial community

SAN and TN were the most important factors affecting the soil
bacterial and fungal communities in the present study (Fig. 6; Sup-
plementary Table S3). Previous studies also revealed that the compo-
sition of soil microbial community was significantly correlated with
soil nutrients (Mendes et al., 2015; Tian et al., 2017; Yang et al.,
2017;Y.Zhang et al., 2016, C. Zhang et al., 2016). Nitrogen limitation
is common in most of the terrestrial ecosystems, often leading to
strong competition between microorganisms and plants (Liu et al.,
2016). With the increase in N availability, the taxonomic and func-
tional traits of soil microbial communities had shift, which including
decreases in the relative abundances of mycorrhizal fungi and also
slow-growing, bacterial taxa (Leff et al., 2015). The increase in ECM
fungi and decrease in Proteobacteria were consistent with the signif-
icant decrease of SAN and TN after grassland afforestation (Table 1).
In general, N mineralization rates in grasslands are typically higher
than those in forests, because grassland organic matter tends to be
enriched in N than C due to their low litter C/N ratio (Griffiths
etal., 2005). Owing to a low soil N content and litter quality in forest-
land, fungi appear to be the major decomposers of complex litter and
soil organic matter and largely shape the associated bacterial com-
munities and their activities (Baldrian, 2017). Besides, both fungal
and bacterial groups contribute to improve N resource availability,
which otherwise would tend to decrease during the decomposition
process (Purahong et al., 2016).

Moreover, SOC, SM and Clay content also showed important effects
on soil bacterial and fungal communities (Fig. 6; Supplementary
Table S2). Carbon is the key resource supporting most terrestrial micro-
bial communities. Proteobacteria require high nutrition and sufficient C
substrate to keep their fast growing rate, while a low nutrition and
available C substrate could only support slow growing microbial taxa
(Sul et al., 2013; Tian et al., 2017). Soil moisture was another important
limiting factor in arid and semiarid regions, which strongly influences
soil microbial communities (C. Zhang et al., 2016; Zhao et al., 2016).
An increased precipitation significantly reduced soil microbial diversity
in native alpine grasslands (Y. Zhang et al.,, 2016); yet a decreased pre-
cipitation increased the relative mole percentage of fungal PLFAs and
fungi/bacteria ratio in a semiarid steppe (Zhao et al., 2016). For soil
clay, it is not only to provide protects for soil organic matter from de-
composition and leaching by being bound in aggregates, but also has
lager surface areas for soil microorganisms' growth (Crowther et al.,
2014; Kotzé et al., 2017).

In addition, grassland afforestation had a significant impact on litter
mass and quality, thus influenced soil physicochemical properties
(Cavagnaro et al., 2016; Gunina et al., 2017). The increase in soil C/N
ratio is likely due to larger litter inputs, and an increase in the C/N
ratio of the litter produced by forest compared with that of grass species
(Cavagnaro et al., 2016). A higher C/N ratio in pine forest, when com-
pared with that in grassland, could exert selective pressure on the fun-
gal species capable of degrading low-quality substrates, such as
phenolic compounds that are commonly found in forest soils
(Macdonald et al., 2009). For example, owing to the low-quality sub-
strates in conifer forest, Basidiomycetes, including several lignin-
degrading fungal species, were noted to become more abundant,
when compared with those in the grassland soils with a lower C/N
ratio (Allison et al., 2007; Dang et al., 2017). Similarly, in the present
study, the proportion of Basidiomycetes obviously increased in the FL
and TZ, when compared with that in the GL (Fig. 4d). Previous studies
have reported that soil pH plays a key role in controlling the

composition of microbial communities (Cao et al., 2017; Mendes
et al., 2015; Tedersoo et al., 2012). However, in the present study,
soil pH did not show significant effect on both soil bacterial and fun-
gal communities due to its small gradient among land use types, sim-
ilar to that reported by Macdonald et al. (2009), Tian et al. (2017)
and Zhong et al. (2018).

4.3. Implications for ecological management

Owing to soil conservation and timber demand, numerous natu-
ral grasslands have been converted to artificial pine forest all over
the world. Although the pine plantation has improved soil conserva-
tion of the ecosystem, when compared with natural grassland, litter
quality and soil nutrients (SOC, TN and SAN etc.) have been found to
decline in the pine forest (Table 1). Therefore, sustainable land use
conversion from natural grassland to planted pine forest still needs
to be addressed. In the present study, the soil bacterial and fungal
communities were also significantly altered after planting Chinese
pine in the grassland. It must be noted that the changes in the soil
microbial communities are not only a response to the decline in
soil nutrients, but also lay a biological foundation for further
expansion of Chinese pine forest in grassland. The soil properties of
the transition zone also support the above-mentioned assumption.
Despite the presence of a large grassland cover in the TZ, the soil
microbial community was found to be similar to that in the FL.
Thus, it can be inferred that the grassland may gradually be replaced
by pine forest even after discontinuation of the afforestation activity
for several decades or longer. In addition, SAN was observed to play a
vital role in determining the composition of both soil bacterial and
fungal communities in the study area. In other words, the soil
microbial community composition can be changed by altering the
SAN content, thereby affecting the succession of the plant
community on the ground. Therefore, in future, after the harvest of
pine forest, N fertilizer should be applied to increase the SAN to
regulate the composition of microbial communities and accelerate
the restoration of natural grassland community.

5. Conclusions

Our results showed that the dominant soil bacterial phylum
shifted from Proteobacteria to Actinobacteria, while the dominant
fungal phylum transitioned from Ascomycota to Basidiomycota
after conversion of grassland to Chinese pine forestland. Grassland
afforestation had increased the ECM fungi but decreased the
biotrophic fungi. Soil fungi were more sensitive to grassland affores-
tation when compared with soil bacteria. The composition and
abundance of soil bacterial and fungal communities were remark-
ably similar between the TZ and the FL, but differed with the GL.
Moreover, soil N exhibited the strongest effect in determining the
soil bacterial and fungal communities. Further studies are needed
to address if an increase soil N in planted pine forests could regulate
the composition of microbial communities and improve soil quality
at the same time and with forest history.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.04.259.

Acknowledgements

This study was funded by the National Natural Science Foundation of
China (41671511 and 41877538), and the Funding of Special Support
Plan of Young Talents Project of Shaanxi Province in China, the Funding
of Promoting Plan to Creative talents of “Youth Science and Technology
Star” in Shaanxi Province of China (2018KJXX-088), West Light Founda-
tion of Chinese Academy of Sciences (XAB2018A01). We thank Interna-
tional Science Editing (http://www.internationalscienceediting.com)
for editing this manuscript.


https://doi.org/10.1016/j.scitotenv.2019.04.259
https://doi.org/10.1016/j.scitotenv.2019.04.259
http://www.internationalscienceediting.com

K. Wang et al. / Science of the Total Environment 676 (2019) 396-406 405

References

Allison, S.D., Hanson, C.A., Treseder, K.K., 2007. Nitrogen fertilization reduces diversity and
alters community structure of active fungi in boreal ecosystems. Soil Biol. Bioch. 39,
1878-1887.

Amato, K.R,, Yeoman, CJ., Kent, A,, Righini, N., Carbonero, F., Estrada, A., Gaskins, H.R,,
Stumpf, R.M., Yildirim, S., Torralba, M., Gillis, M., Wilson, B.A., Nelson, K.E., White,
B.A, Leigh, S.R., 2013. Habitat degradation impacts black howler monkey (Alouatta
pigra) gastrointestinal microbiomes. The ISME ] 7, 1344.

Bachelot, B., Uriarte, M., Zimerman, J.K., Thompson, ]., Leff, ].W., Asiaii, A., Koshner, J.,
McGuire, K., 2016. Long-lasting effects of land use history on soil fungal communities
in second-growth tropical rain forests. Ecol. Appl. 26, 1881-1895.

Baldrian, P., 2017. Microbial activity and the dynamics of ecosystem processes in forest
soils. Curr. Opin. Microbiol. 37, 128-134.

Bremner, J., 1996. Nitrogen-total. Methods of Soil Analysis. Part 3, pp. 1085-1121.

Cao, C.Y., Zhang, Y., Qian, W., Liang, C.P., Wang, C.M.,, Tao, S., 2017. Land-use changes influ-
ence soil bacterial communities in a meadow grassland in Northeast China. Solid
Earth 8, 1119-1129.

Cavagnaro, T.R.,, Cunningham, S.C,, Fitzpatrick, S., 2016. Pastures to woodlands: changes in
soil microbial communities and carbon following reforestation. Appl. Soil Ecol. 107,
24-32.

Chen, H.B., Boutros, P.C., 2011. VennDiagram: a package for the generation of highly-
customizable Venn and Euler diagrams in R. BMC Bioinformatics 12, 35.

Crowther, T.W., Maynard, D.S., Leff, JW., Oldfield, E.E., McCulley, R.L, Fierer, N., Bradford,
M.A,, 2014. Predicting the responsiveness of soil biodiversity to deforestation: a
cross-biome study. Glob. Change Biol. 20, 2983-2994.

Dang, P., Yu, X, Le, H,, Liy, J., Shen, Z., Zhao, Z., 2017. Effects of stand age and soil proper-
ties on soil bacterial and fungal community composition in Chinese pine plantations
on the Loess Plateau. PLoS One 12, e0186501.

Deng, L., Shangguan, Z., 2017. Afforestation drives soil carbon and nitrogen changes in
China. Land Degrad. Devel. 28, 151-165.

Deng, L., Wang, K., Tang, Z., Shangguan, Z., 2016. Soil organic carbon dynamics following
natural vegetation restoration: evidence from stable carbon isotopes (delta C-13).
Agric. Ecosyst. Environ. 221, 235-244.

Deng, L., Liu, S., Kim, D.G., Peng, C., Sweeney, S., Shangguan, Z., 2017. Past and future car-
bon sequestration benefits of China's grain for green program. Glob. Environ. Chang.
47, 13-20.

Dickie, LA, Reich, P.B., 2005. Ectomycorrhizal fungal communities at forest edges. J. Ecol.
93, 244-255.

Fierer, N., 2017. Embracing the unknown: disentangling the complexities of the soil
microbiome. Nat. Rev. Microb. 15, 579-590.

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil
bacteria. Ecology 88, 1354-1364.

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R.A., Henrissat, B., Martinez, A.T.,
Otillar, R., Spatafora, J.W., Yadav, ].S., Aerts, A., Benoit, 1., Boyd, A., Carlson, A.,
Copeland, A., Coutinho, P.M., de Vries, R.P., Ferreira, P., Findley, K., Foster, B.,
Gaskell, J., Glotzer, D., Gérecki, P., Heitman, J., Hesse, C., Hori, C., Igarashi, K., Jurgens,
J.A., Kallen, N., Kersten, P., Kohler, A., Kiies, U., Kumar, T.K.A., Kuo, A., LaButti, K.,
Larrondo, L.F,, Lindquist, E., Ling, A., Lombard, V., Lucas, S., Lundell, T., Martin, R.,
McLaughlin, D.J., Morgenstern, 1., Morin, E., Murat, C.,, Nagy, L.G., Nolan, M., Ohm,
R.A., Patyshakuliyeva, A., Rokas, A. Ruiz-Duefias, FJ., Sabat, G., Salamov, A.,
Samejima, M., Schmutz, J., Slot, ].C,, St. John, F., Stenlid, ]., Sun, H., Sun, S., Syed, K.,
Tsang, A., Wiebenga, A., Young, D., Pisabarro, A., Eastwood, D.C., Martin, F., Cullen,
D., Grigoriev, LV., Hibbett, D.S., 2012. The Paleozoic origin of enzymatic lignin decom-
position reconstructed from 31 fungal genomes. Science 336, 1715.

Griffiths, R., Madritch, M., Swanson, A., 2005. Conifer invasion of forest meadows
transforms soil characteristics in the Pacific northwest. Forest Ecol. Manag 208,
347-358.

Grosso, F., Baath, E., De Nicola, F., 2016. Bacterial and fungal growth on different plant
litter in Mediterranean soils: effects of C/N ratio and soil pH. Appl. Soil Ecol. 108, 1-7.

Gunina, A., Smith, AR., Godbold, D.L., Jones, D.L., Kuzyakov, Y., 2017. Response of soil mi-
crobial community to afforestation with pure and mixed species. Plant Soil 412,
357-368.

Guo, Y., Chen, X,, Wu, Y., Zhang, L., Cheng, ]., Wei, G., Lin, Y., 2018. Natural revegetation of a
semiarid habitat alters taxonomic and functional diversity of soil microbial communi-
ties. Sci. Total Environ. 635, 598-606.

Hartmann, M., Niklaus, P.A., Zimmermann, S., Schmutz, S., Kremer, J., Abarenkov, K.,
Liischer, P., Widmer, F., Frey, B., 2013. Resistance and resilience of the forest soil
microbiome to logging-associated compaction. The ISME ] 8, 226.

Hiltbrunner, D., Zimmermann, S., Hagedorn, F., 2013. Afforestation with Norway spruce
on a subalpine pasture alters carbon dynamics but only moderately affects soil carbon
storage. Biogeochemistry 115, 251-266.

Jangid, K., Williams, M.A., Franzluebbers, A.J., Schmidt, T.M., Coleman, D.C., Whitman,
W.B,, 2011. Land-use history has a stronger impact on soil microbial community com-
position than aboveground vegetation and soil properties. Soil Biol. Biochem. 43,
2184-2193.

Kageyama, S.A., Posavatz, N.R., Waterstripe, KE., Jones, S ., Bottomley, P.J., Cromack, K.,
Myrole, D.D., 2008. Fungal and bacterial communities across meadow-forest ecotones
in the western cascades of Oregon. Can. ]. For. Res. 38, 1053-1060.

Kang, H., Gao, H., Yu, W,, Yi, Y., Wang, Y., Ning, M., 2018. Changes in soil microbial
community structure and function after afforestation depend on species and
age: case study in a subtropical alluvial island. Sci. Total Environ. 625,
1423-1432.

Kielak, A.M., Barreto, C.C., Kowalchuk, G.A., van Veen, J.A., Kuramae, E.E., 2016. The
ecology of acidobacteria: moving beyond genes and genomes. Front. Microb. 7,
744.

Kotzé, E., Sandhage-Hofmann, A., Amelung, W., Oomen, R]., du Preez, C.C., 2017. Soil mi-
crobial communities in different rangeland management systems of a sandy savanna
and clayey grassland ecosystem, South Africa. Nutr. Cycl. Agroecosyst. 107, 227-245.

Leff, JW., Jones, S.E., Prober, S.M., Barberan, A., Borer, E.T., Firn, J.L., Harpole, W.S., Hobbie,
S.E., Hofmockel, K.S., Knops, ].M.H., McCulley, R.L, La Pierre, K., Risch, A.C., Seabloom,
E.W., Schiitz, M., Steenbock, C., Stevens, CJ., Fierer, N., 2015. Consistent responses of
soil microbial communities to elevated nutrient inputs in grasslands across the
globe. Proc. Natl. Acad. Sci. 112, 10967-10972.

Lindahl, B.D., Tunlid, A., 2015. Ectomycorrhizal fungi-potential organic matter decom-
posers, yet not saprotrophs. New Phytol. 205, 1443-1447.

Liu, QY. Qiao, N,, Xu, X L., Xin, X.P., Han, J.Y., Tian, Y.Q., Ouyang, H., Kuzyakov, Y., 2016. Ni-
trogen acquisition by plants and microorganisms in a temperate grassland. Sci. Rep. 6,
22642.

Macdonald, C.A., Thomas, N., Robinson, L., Tate, K.R,, Ross, D.J., Dando, J., Singh, B.K., 2009.
Physiological, biochemical and molecular responses of the soil microbial community
after afforestation of pastures with Pinus radiata. Soil Biol. Biochem. 41, 1642-1651.

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., Hornik, K., 2018. Cluster: cluster anal-
ysis basics and extensions. R package version 2.0.7-1. https://CRAN.R-project.org/
package=cluster.

Mendes, LW., Brossi, M.J.D., Kuramae, E.E., Tsai, S.M., 2015. Land-use system shapes soil
bacterial communities in southeastern Amazon region. Appl. Soil Ecol. 95, 151-160.

de Menezes, A.B., Richardson, A.E., Thrall, P.H., 2017. Linking fungal-bacterial co-
occurrences to soil ecosystem function. Curr. Opin. Microbiol. 37, 135-141.

Nelson, D.W., Sommers, L.E., 1996. Total Carbon, Organic Carbon, and Organic Matter.
Methods of Soil Analysis. Part 3. pp. 961-1010.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R,,
O'Hara, R.B,, Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., 2018.
Vegan: community ecology package. R package version 2.5-2. https://CRAN.R-project.
org/package=vegan.

Purahong, W., Wubet, T., Lentendu, G., Schloter, M., Pecyna, M.J,, Kapturska, D., Hofrichter,
M., KrUger, D., Buscot, F., 2016. Life in leaf litter: novel insights into community dy-
namics of bacteria and fungi during litter decomposition. Mol. Ecol. 25, 4059-4074.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria URL. https://www.R-project.org/.

Ren, Z, Li, Z, Liy, X, Li, P., Cheng, S., Xu, G., 2018. Comparing watershed afforestation and
natural revegetation impacts on soil moisture in the semiarid Loess Plateau of China.
Sci. Rep. 8, 2972.

Schenk, HJ., Jackson, R.B., 2002. Rooting depths, lateral root spreads and below-ground/
above-ground allometries of plants in water-limited ecosystems. J. Ecol. 90, 480-494.

Sul, WJ., Asuming-Brempong, S., Wang, Q., Tourlousse, D.M., Penton, CR., Deng, Y.,
Rodrigues, ].L.M., Adiku, S.G.K., Jones, JW., Zhou, ]., Cole, ].R,, Tiedje, ].M., 2013. Trop-
ical agricultural land management influences on soil microbial communities through
its effect on soil organic carbon. Soil Biol. Bioch. 65, 33-38.

Tedersoo, L., Bahram, M., Toots, M., Diedhiou, A.G., Henkel, T.W., KjOller, R., Morris, M.H.,
Nara, K., Peay, K.G., Polme, S., Ryberg, M., Smith, M.E., KOljalg, U., 2012. Towards
global patterns in the diversity and community structure of ectomycorrhizal fungi.
Mol. Ecol. 21, 4160-4170.

Tedersoo, L., Bahram, M., Polme, S., Koljalg, U., Yorou, N.S., Wijesundera, R, et al., 2014.
Global diversity and geography of soil fungi. Science 346, 1256688.

Teixeira, LCRS., Peixoto, RSS., Cury, J.C,, Sul, WJ., Pellizari, V.H., Tiedj, ]., Rosado, A.S., 2010.
Bacterial diversity in rhizosphere soil from antarctic vascular plants of Admiralty Bay,
maritime Antarctica. The Isme ] 4, 989.

Tian, Q., Taniguchi, T., Shi, W.Y., Li, G.Q., Yamanaka, N., Dy, S., 2017. Land-use types and
soil chemical properties influence soil microbial communities in the semiarid Loess
Plateau region in China. Sci. Rep. 7, 45289.

Treseder, KK, Lennon, ].T., 2015. Fungal traits that drive ecosystem dynamics on land. Mi-
crobiology and molecular biology reviews. MMBR 79, 243-262.

Uroz, S., Buée, M., Deveau, A., Mieszkin, S., Martin, F., 2016. Ecology of the forest
microbiome: highlights of temperate and boreal ecosystems. Soil Biol. Biochem.
103, 471-488.

Wang, KB, Ren, Z.P., Deng, L., Zhou, Z.C,, Shangguan, Z.P., Shi, W.Y., Chen, Y.P., 2016. Pro-
file distributions and controls of soil inorganic carbon along a 150-year natural vege-
tation restoration chronosequence. Soil Sci. Soc. Am. J. 80, 193-202.

Wang, Y., Li, CY., Tu, C,, Hoyt, G.D., DeForest, ].L., Hu, SJ., 2017. Long-term no-tillage and
organic input management enhanced the diversity and stability of soil microbial
community. Sci. Total Environ. 609, 341-347.

Wei, X.R,, Shao, M.G., Fu, X.L., Horton, R., 2010. Changes in soil organic carbon and total
nitrogen after 28 years grassland afforestation: effects of tree species, slope position,
and soil order. Plant Soil 331, 165-179.

Wood, S.A,, Gilbert, J.A,, Leff, JW,, Fierer, N., D'Angelo, H., Bateman, C., Gedallovich, S.M.,
Gillikin, C.M., Gradoville, M.R., Mansor, P., Massmann, A., Yang, N., Turner, B.L.,
Brearley, F.Q., McGuire, K.L., 2017. Consequences of tropical forest conversion to oil
palm on soil bacterial community and network structure. Soil Biol. Bioch. 112,
258-268.

Xue, C., Penton, C.R., Zhang, B., Zhao, M., Rothstein, D.E., Mladenoff, DJ., Forrester,
J.A., Shen, Q.R,, Tiedje, J.M., 2016. Soil fungal and bacterial responses to conver-
sion of open land to short-rotation woody biomass crops. GCB Bioenergy 8,
723-736.

Yang, Y., Doy, Y., Huang, Y., An, S., 2017. Links between soil fungal diversity and plant and
soil properties on the Loess Plateau. Front. Microb. 8, 2198.

Zeng, Q., An, S., Liu, Y., 2017. Soil bacterial community response to vegetation succession
after fencing in the grassland of China. Sci. Total Environ. 609, 2-10.

Zhang, Y., Dong, S., Gao, Q,, Liu, S., Zhou, H., Ganjurjav, H., Wang, X., 2016. Climate change
and human activities altered the diversity and composition of soil microbial commu-
nity in alpine grasslands of the Qinghai-Tibetan Plateau. Sci. Total Environ. 562,
353-363.


http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0005
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0005
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0005
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0010
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0010
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0015
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0015
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0020
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0020
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0025
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0030
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0030
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0030
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0040
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0040
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0045
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0045
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0050
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0050
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0050
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0055
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0055
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0065
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0065
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0065
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0070
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0070
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0075
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0075
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0080
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0080
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0085
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0085
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0095
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0095
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0100
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0100
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0100
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0105
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0105
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0105
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0110
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0110
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0115
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0115
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0115
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0120
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0120
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0120
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0125
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0125
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0130
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0130
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0130
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0130
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0135
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0135
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0135
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0140
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0140
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0140
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0145
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0145
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0145
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0150
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0150
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0155
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0155
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0155
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0160
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0160
https://CRAN.R-project.org/package=cluster
https://CRAN.R-project.org/package=cluster
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0170
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0170
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0175
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0175
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0180
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0190
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0190
https://www.R-project.org/
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0200
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0200
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0200
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0205
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0205
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0210
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0210
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0210
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0215
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0215
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0215
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0220
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0225
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0225
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0230
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0230
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0230
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0235
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0235
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0245
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0245
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0245
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0250
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0250
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0250
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0255
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0255
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0255
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0260
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0260
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0260
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0265
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0265
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0265
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0270
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0270
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0275
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0275
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0280
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0280
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0280
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0280

406 K. Wang et al. / Science of the Total Environment 676 (2019) 396-406

Zhang, C, Liu, G.B,, Xue, S., Wang, G.L,, 2016. Soil bacterial community dynamics reflect
changes in plant community and soil properties during the secondary succession of
abandoned farmland in the Loess Plateau. Soil Biol. Bioch. 97, 40-49.

Zhao, C.C,, Miao, Y., Yu, C.D., Zhu, L.L., Wang, F., Jiang, L., Hui, D.F., Wan, S.Q., 2016. Soil
microbial community composition and respiration along an experimental
precipitation gradient in a semiarid steppe. Sci. Rep. 6, 24317.

Zhao, F.Z,, Ren, CJ., Zhang, L., Han, X.H., Yang, G.H., Wang, ], 2018. Changes in soil
microbial community are linked to soil carbon fractions after afforestation. Eur.
J. Soil Sci. 69, 370-379.

Zhong, Y., Yan, W., Wang, R.,, Wang, W., Shangguan, Z., 2018. Decreased occurrence of
carbon cycle functions in microbial communities along with long-term secondary
succession. Soil Biol. Bioch. 123, 207-217.

Zhu, G., Shangguan, Z., Deng, L., 2017. Soil aggregate stability and aggregate-associated
carbon and nitrogen in natural restoration grassland and Chinese red pine plantation
on the Loess Plateau. Catena 149, 253-260.


http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0285
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0285
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0285
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0295
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0295
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0295
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0300
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0300
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0300
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0305
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0305
http://refhub.elsevier.com/S0048-9697(19)31794-2/rf0305

	Effects of grassland afforestation on structure and function of soil bacterial and fungal communities
	1. Introduction
	2. Materials and methods
	2.1. Study sites
	2.2. Experimental design and soil sampling
	2.3. Physical and chemical analyses
	2.4. DNA extraction, PCR amplification, and Illumina HiSeq 2500 sequencing
	2.5. Processing of sequencing data
	2.6. Statistical analyses

	3. Results
	3.1. Changes in soil and litter properties
	3.2. Diversity of soil bacterial and fungal communities
	3.3. Composition of soil bacterial and fungal communities
	3.4. Functional groups of soil fungal communities
	3.5. Relationship between microbial community composition and soil environmental factors

	4. Discussions
	4.1. Effects of land use change on soil microbial community
	4.2. Effects of soil environmental factors on soil microbial community
	4.3. Implications for ecological management

	5. Conclusions
	Acknowledgements
	References


