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Abstract: Afforestation with different tree species formed different vegetation patterns, and altered
soil properties and the composition and diversity of the soil bacterial community. In order to analyze
the difference characteristics of vegetation, soil and bacterial community after 20 years’ restoration of
different tree species, we investigated changes in vegetation (tree, shrubs, and herbs), soil properties
and the soil bacterial community composition in the topsoil (0–10 cm) following afforestation of
P. asperata Mast. and L. kaempferi (Lamb.) Carr.on the southern slope of the Qinling mountains. The
results showed that, within a 20-year recovery period, the restorative effect of L. kaempferi was better
than that of P. asperata, for alpha diversity and biomass of vegetation, composition and diversity
of soil bacterial community were all preferable under nearly same environmental conditions if just
taking these indices into consideration. Additionally, biodiversity of L. kaempfer was much richer
than that of P. asperata. Our observations suggest that soil physicochemical properties, soil bacterial
community composition and diversity following afforestation were mainly affected by tree species.
The results could explain our hypothesis to some extent that a planted forest with quick growth
speed and sparse canopy has higher biomass productivity and alpha diversity of ecosystem.
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1. Introduction

The forest ecosystem is the most important part of terrestrial ecosystems with complex
structure and function, which houses a major portion of terrestrial biological diversity,
including an estimated 80% of all terrestrial species [1,2], and would likely play a long-term
and sustained role in mitigating global warming as a huge global carbon pool [3]. In recent
centuries, with the development of society and economy, forest resources are facing high-
intensity exploitation and utilization, which directly or indirectly lead to the destruction
and degradation of forest [4]. Globally, the extent of the world’s forest continues to decline
as the human population continues to grow and demand for food and land increases; in
1990 the world had 4128 million ha of forest but by 2015 this area had decreased to 3999 mil-
lion ha [5]. In order to change this trend, forest planting has become an efficient method to
achieve ecological and economic demands of the forest. Tree restoration processes build
new environmental conditions [6], and different planted tree species result in the forma-
tion of different ecological environment conditions, which directly or indirectly affected
soil physico–chemical properties as well as the structure and function of soil microbial
communities [7,8]. Similarly, the structure and function of soil microbial communities
can in turn affect plant productivity by regulating plant nutrient availability [9,10]. Lots
of studies on planted forest ecosystems have been reported [11], such as forest ecosystem
recovery assessments [1], planted forest and biodiversity studies [2,12], biomass, carbon
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and nutrient storage of planted forest [13], effects on hydrologic process caused by forest
vegetation change [14], effects of tree species and soil properties on the composition and
diversity of the soil microbial community [4,8], however few studies have examined the
correlation between plant diversity and soil bacterial community structure between two
different planted tree species at the same restoration age.

The Qinling Mountains are the most important natural climatic boundary between
the subtropical and warm temperate zones of China and support an astonishingly high
biodiversity [15]. However, the Qinling Mountains have undergone a period of commercial
logging from the 1970s to 1990s in the 20th century, which resulted in serious destruction of
the forest ecosystem [16]. By 1998, the Natural Forest Protection Program was implemented
and commercial logging of natural forests was banned in the Qinling Mountains. Then,
artificial afforestation was fully expanded in the destroyed areas with different tree species
and managements, forming various forest types at different succession stages. Meanwhile,
in the context of global warming, high-altitude mountain soil has become an interest
research area for climate change is occurring more intensely in cold regions [15]. These
features suggest that the restoration forest ecosystem in the Qinling Mountains is an ideal
field to study the discrepancies between ecological conditions driven by different planted
trees species.

According to these, one hypothesis could be taken into consideration that forests with
quick growth speed and sparse canopy may have higher biomass productivity and alpha
diversity, this may be meaningful for carbon sink and restoration of forest ecosystems.
Thus, in order to answer the hypothesis, the purposes of this study were listed as follows:
(i) to compare the alpha diversity and biomass of plant of different planted tree species;
(ii) to characterize the soil physico–chemical properties at different forest ecosystems;
(iii) to make clear about the characteristics of soil bacterial communities under different
tree species, including compositions, alpha-diversity and their interrelationship with soil
physico–chemical properties.

2. Material and Methods
2.1. Field Site and Sampling

The study site is located in the Changqing National Nature Reserve, south slope of the
Qinling Mountains, China (Figure 1). The reserve has an area of 29,906 ha approximately,
with elevational range between 800 and 3071 m asl, and its forest coverage is greater
than 90%. It is a transitional climate region between the north subtropics and the warm
temperate zone, types of forest vary from sub-tropical to cold temperate.

Field work was conducted in July 2018. Two types of planted forest, Picea asperata
and Larix kaempferi were selected for field survey (Table 1), which were reforested in 1998
after deforestation. Two permanent sample plots of 100 m × 100 m were established in
the region with orderly forest facies and complete topography in the two types of planted
forest (Table 1). Field survey included three parts: plant survey, litter sampling and soil
sampling. The type of soils of study area was brown forest soil, alfisol according to Chinese
soil taxonomy.
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Figure 1. Geographical location diagram of the study area in Changqing National Reserve (NR).

Table 1. Basic information of the research site.

Site Forest Types Age Temperature
(◦C)

Precipitation
(mm)

Elevation
(m) Latitude Longitude

A P. asperata Mast. 20 6.27 696.72 2271 33.703773◦ 107.624529◦

B L.kaempferi (Lamb.) Carr. 20 7.07 675.53 2039 33.683742◦ 107.608682◦

Note: The data of temperature and precipitation were obtained from WorldClim database using the coordinates of sampling sites.
Temperature and precipitation were the average annual values from 2000 to 2017.

For the plant survey, quadrats of 10 m × 10 m were used for the tree layer, 3 m × 3 m
for shrubs, and 1 m × 1 m for herbs species (Figure 2). We measured every tree (DBH,
diameter at breast height≥5 cm) in the quadrats, and took down their amounts, tree species,
DBH (at 1.37 m), tree height and canopy for tree layer analysis. Additionally, abundance,
species, height, canopy of shrubs and herbs in every quadrat were also recorded.
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Figure 2. Field sampling design, whereas 100 m × 100 m quadrat in black line was the permanent
sample plot, 10 m × 10 m. Quadrats in red line were tree layer investigation plot, 3 m × 3 m quadrats
in green line were shrub layer investigation plot, and 1 m × 1 m quadrats in blue line were herb layer
investigation plot.

For litter survey, quadrats of 0.5 m × 0.5 m were established randomly in triple under
the tree layer quadrat. All the litters in each quadrat were taken away to obtain the biomass
of litter, and their carbon fraction coefficient.

Soils were sampled from soil surface (0–10 cm, after clear out the humus horizon)
at each sampling plot using a soil borer with a diameter of 3.5 cm. To guarantee the
representative of soil samples, random triplicate point sampling was applied. Soils from
the 3 points were well mixed and screened using 2-mm sieves to remove residual plants
roots and debris as a replicate sample from each plot. Soil samples were placed in sterile
plastic bags, and then divided into two groups, one with aviation ice in a heat preservation
box and taken to the laboratory in 24 h, then stored at −80 °C in the laboratory for high-
throughput sequencing. Another one was air-dried at room temperature to determine soil
chemical characteristics. Soil bulk density was measured using the core cutter method [17].

2.2. Sample Analysis
2.2.1. Biomass Estimation of Plant

The biomass of tree was calculated using DBH and tree height data from field survey
with the biomass regression equation. The equation is shown as formula (1).

ln W = a + b ln
(

D2H
)

(1)

where W is tree biomass, D is DBH, H is tree height, a and b are coefficients for specific
forest types (Table S1). Biomass of shrubs and herbs were measured through sampling in
the field work, including aboveground and belowground biomass [18].

2.2.2. Physico–Chemical Analysis

Physico–Chemical properties of soil were all measured by using routine methods, and
each treatment was conducted in triplicate. Potentiometry (water:soil = 2.5:1) [19], potas-
sium dichromate oxidation-external heating method [20], semimicro-kjeldahl method [21]
and HClO4-H2SO4 method [22] were applied for pH, soil organic carbon (SOC), total
nitrogen (TN), total phosphate (TP), respectively.

2.2.3. Soil Microbial DNA Extraction, PCR Amplification and Sequencing

Total genome DNA from samples was extracted using CTAB/SDS method. The
bacterial hepervariable V4 region (515F–806R) of the 16S rRNA genes was amplified using
specific primer with the barcode. Samples with a bright main strip between 400 and 450 bp
were chosen for further experiments. Samples were sequenced on an IlluminaHiSeq2500
platform and 250 bp paired-end reads were generated.
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2.3. Pyrosequencing Data Treatment

Sequence analysis was performed by Uparse software (Uparse v7.0.1001). Sequences
with ≥97% similarity were assigned to the same OTUs. The GreenGene Database was
used based on an RDP classifier (Version 2.2) algorithm to annotate taxonomic information.
OTUs abundance information were normalized using a standard of sequence number cor-
responding to the sample with the least sequences. Subsequent analysis was all performed
basing on this output normalized data under R software.

2.4. Data Processing and Statistical Analysis

Alpha diversity of tree layer was quantitatively analyzed for occurrence frequency,
density, average DBH, average tree height. Shannon diversity index (H′), Simpson dom-
inance index (D), evenness index (Jw) and diversity threshold (Dv) were computed for
shrubs and herbs layers (equations as shown in Table S2).

Statistics analysis of bacterial alpha diversity via observed species, Chao1 and Shan-
non’s indices were performed using QIIME (Version 1.7.0) and displayed with R software
(Version 3.6.1). Mantel tests were conducted with the “mantel” function in the Vegan
package to examine the interrelationships among the edaphic variables and soil bacte-
rial characteristics.

3. Results
3.1. Diversities and Biomass of Vegetation
3.1.1. Alpha Diversity of P. asperata Forest

A total of 13 species were observed in all quadrats of P. asperata forest, among which 3
were trees, 8 were shrubs, and 2 were herbs. Among the tree species, P. asperata was dominant
with the occurrence frequency of 88.37% in the sample area. The density of P. asperata
was 1900 trees·ha−1, with the average DBH and average tree height of 6.85 ± 4.02 cm and
8.92 ± 1.58 m, respectively (Table 2). Four diversity indices were calculated for shrubs and
herbs layer, Shannon index (H′), species dominance (D), species evenness (Jw), and diversity
threshold (Dv), which were 1.80, 0.78, 0.87, and 2.08 among shrubs layer, and 0.69, 0.50, 0.72,
and 0.96 for herbs layer, respectively. Plant diversity of P. asperata forest stayed at a low level.
For Dv a value less than 1.5 means poor biodiversity of the ecosystem (Figure 3).

Table 2. Alpha diversity of the tree layer.

Sites Tree Species Occurrence
Frequency (%)

Density
(Trees·ha−1)

Average DBH
(cm) Average TH (m)

A
P. asperata Mast. 88.37 1900 6.85 8.92

Pinus armandi Franch. 6.98 150 33.00 12.00
Acer davidii Franch. 4.65 100 2.39 5.50

B
L. kaempferi (Lamb.) Carr. 97.78 2200 15.37 11.06
Prunus armandii Franch. 2.22 50 2.55 5
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3.1.2. Alpha Diversity of L. kaempferi Forest

Compared to P. asperata forest, 39 species were observed, and 2 were trees, 16 were
shrubs, and 21 were herbs, which were much higher than P. asperata forest. Among the tree
species, L. kaempferi was dominant with the occurrence frequency of 97.78% in the sample
area. The density of L. kaempferi was 2200 trees·ha−1, with the average DBH and average tree
height of 15.37 ± 3.56 cm and 11.06 ± 1.08 m, respectively (Table 2). Diversities (H′, D, Jw,
and Dv) of the shrubs and herbs layers were also higher than those of P. asperata forest, which
were 2.42, 0.89, 0.87, and 2.77 for the shrubs layer, 2.53, 0.88, 0.83, and 3.04 for the herbs layer,
respectively. Biodiversity was much better than that of P. asperata forest (Figure 3).

3.1.3. Vegetation Biomass of P. asperata and L. kaempferi Forest

The total biomass (including litter biomass) of vegetation in L. kaempferi (169.15± 13.44 t·ha−1)
was greater than that of P. asperata (150.80 ± 16.75 t·ha−1). In part, biomass of trees, shrubs,
herbs, and litter in L. kaempferi were all greater than those in P. asperata. In terms of different
components of trees, biomass of leaf and root in P. asperata were higher than those in
L. kaempferi, though the biomass of trees in L. kaempferi (151.09 ± 7.68 t·ha−1) was much
higher than that in P. asperata (137.65 ± 15.12 t·ha−1) (Figure 4).
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3.2. Physico–Chemical Properties of Soils

The values of pH, SOC, and TN in the soils of P. asperata forest were of 4.08 ± 0.02,
26.53 ± 0.14 g·kg−1, and 5.19 ± 0.07 g·kg−1, respectively, whereas the values in the soils of
L. kaempferi forest were 3.93± 0.08, 21.36± 0.39 g·kg−1, and 4.18± 0.09 g·kg−1, respectively.
To some extent, the values of pH, SOC, and TN in the soils of P. asperata forest were higher.
For TP, the value in soils of L. kaempferi forest (1.13 ± 0.01 g·kg−1) was higher than that in
soils of P. asperata forest (0.92 ± 0.01 g·kg−1) (Table 3).

Table 3. Physicochemical properties of sampling soils.

Forest Types pH SOC (g·kg−1) TN (g·kg−1) TP (g·kg−1) C/N Ratio

P. asperata 4.08 ± 0.02 26.53 ± 0.14 5.19 ± 0.07 0.92 ± 0.01 5.12
L. kaempferi 3.93 ± 0.08 21.36 ± 0.39 4.18 ± 0.09 1.13 ± 0.01 5.11

3.3. Diversity and Composition of Soil Bacterial Community

A total of 123,322 tags and 6,697 OTUs (at 97% similarity threshold) were identified in
the present study (Figure 5). For P. asperata forest, 3123 OTUs were obtained and identified
as 36 phyla, 310 genera, which were less than those of soils in L. kaempferi forest with
41 phyla and 368 genera identified (Table S2).
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Figure 5. Taxa dynamics of soil bacterial communities.

Bacteria community composition differed between two forest types in relative abun-
dance profiles. Across all samples, 44 distinct bacteria phyla were detected, among which
the top five phyla (Proteobacteria, Acidobacteria, Verrucomicrobia, Bacteroidetes, and Firmicutes)
comprised more than 85% of all abundance in bacteria communities. Bacteria commu-
nity composition differed substantially between locations at phyla level, such as bacteria
communities of P. asperata forest enriched for Proteobacteria (49.98%), while Acidobacteria in
L. kaempferi forest (35.57%) was much more abundant than that in P. asperata forest (21.01%)
(Figure 6, Table S2).
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Figure 6. Top ten bacterial phylum of the two soil groups from P. asperata and L. kaempferi forest.

Alpha diversity measured by the Shannon (H′) index, chao1 and observed species,
showed significant differences between two different forest types. Lower values were
observed in the P. asperata forest, with values of 8.80, 2799.40, and 2706, respectively, while
those in the L. kaempferi forest were 8.86, 3565.47, and 3040, respectively (Figure 7). This
pattern was similarly to the plant alpha diversity.
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Alpha diversity indexes of soil bacterial community were significantly responsive
to plant biomass and alpha diversity of plant. To validate the relationships among the
soil bacterial communities, plant alpha diversity, plant biomass, and edaphic properties,
a Mantel test was performed to show the relationships among the variables. The Mantel
test showed that there was significant relationship between soil bacterial communities
and plant properties, but no significant relationship between soil bacterial communities
and edaphic properties or between plant properties and physico–chemical properties. For
example, bacterial alpha diversity was significant related to plant biomass and plant alpha
diversity (r values were 0.946 and 0.983, respectively, p < 0.01) (Table 4). Furthermore, the
correlation was significant between plant biomass and alpha diversity of plant (r values
were 0.964, p < 0.01). These results could verify our hypothesis that forest with quick
growth speed and sparse canopy may has higher biomass productivity and alpha diversity.

Table 4. Mantel tests between plant biomass, plant alpha diversities, bacterial composition, bacterial alpha diversity and
soil properties, across two forest types.

Plant Biomass α_Plant Bacterial
Composition α_Bacterial SOC pH TN TP

Plant Biomass 1.000 0.964 ** 0.856 * 0.946 ** 0.487 0.622 0.484 −0.669
α_plant 1.000 0.779 0.983 ** 0.546 0.214 0.497 −0.673
Bacterial

Composition 1.000 0.698 0.703 0.717 0.759 −0.875 *

α_bacterial 1.000 0.414 0.475 0.342 −0.545
SOC 1.000 0.860 * 0.964 ** −0.956 **
pH 1.000 0.863* −0.884 **
TN 1.000 −0.967 **
TP 1.000

*: p < 0.05; **: p < 0.01.

4. Discussion
4.1. Distribution Characteristics of Vegetation

According to the results, alpha diversity of the tree layer (occurrence frequency, tree
density, average DBH, and average TH) of L. kaempferi forest was higher than that of
P. asperata forest. The main reason may be that the growth rate of L. kaempferi was much
faster than that of P. asperata [23]. This is because P. asperata is an evergreen tree species,
while L. kaempferi is A deciduous tree species, which meant that the canopy of P. asperata was
higher than that of L. kaempferi. Furthermore, the difference in canopy of the tree layer could
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directly affect the micro-climate under the tree, such as precipitation and sunshine [24].
Abundant precipitation, full sunshine and nutrient-rich soil were considered to be suitable
for supporting plant growth in the southern slope of the Qinling Mountains [25]. More
precipitation and sunshine could reach shrub and herbs layers in L. kaempferi forest due to
its lower canopy, and this may be the main reason that the alpha diversity of shrub and
herbs in L. kaempferi forest were also higher than those of shrub and herbs in P. asperata
forest (Figure 8).
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Allometric equations are crucial in order to accurately estimate forest biomass. A
number of previous studies demonstrated that power function allometric equations based
on DBH and TH can be used to estimate tree biomass [3,13,26]. In this study, we estimated
different tree components’ biomass based on DBH and TH, the results were smaller than
the results of previous studies in the similar regions [27–30]. These obvious differences
may be mainly caused by tree age. Zhao et al. reported that, in a hilly region of the Taihang
Mountain, tree biomass significantly increased from 131.65 t ha−1 in a 20-year-old stand to
202.96 and 291.15 t ha−1 in 30- and 40-year-old stands, respectively [31].

The litter of the forest increased gradually with the increase in latitude, and the
main controlling factor on litter decomposition was temperature [32]. The fact that litter
biomass of P. asperata forest was higher in our study could be well explained for the annual
temperature was lower.

This study reveals that the two types of forests behave differently in terms of differ-
ent planted trees species. Higher density and species richness for herbs and shrubs in
L. kaempferi forest indicate that opening of canopies favors herb and shrub growth which
gives overall stability to the forest ecosystem.

4.2. Factors That Effected Soil Physico–Chemical Properties

Afforestation with singe and mixed tree species alters soil properties [4]. In our study,
pH, SOC and TN in P. asperata forest soils were higher than those in L. kaempferi forest soils,
but there were no significant differences. The discrepancies may be caused by various
degree of forest canopy [33,34], temperature and precipitation [34], litter composition or
root exudates [8]. In comparison with the results from Wang et al. (2015), SOC in our study
was lower, which may be related to the young tree age in our study [35]. C/N ratio is a sign
of soil nitrogen mineralization ability, which is inversely proportional to the rate of soil
organic matter decomposition [36]. In our study, C/N ratio in P. asperata forest soils was a
little bit higher than that in L. kaempferi forest soils though with no significant difference,
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representing the rate of SOC decomposition was lower in P. asperata forest soils, and this
may be an important reason why SOC in P. asperata forest soils was higher. Phosphorus
was one of the three most important elements for plant growth. Previous research has
shown that TP in Larix forest soils was higher than that in Pinus koraiensis and Birch forest
soils [37], which was similar with the result in our study. For there was higher phosphorus
in Larix leaves, and along with litter decomposition, more phosphorus was accumulated in
soils [38].

4.3. Effects of Tree Species on Soil Bacterial Community Composition

Plant species and diversity, driven by temperature and moisture content, also strongly
influence the soil microbial community composition and diversity [39]. In our study,
Proteobacteria, Acidobacteria, Verrucomicrobia, Bacteroidetes, and Firmicutes were the predom-
inant bacterial groups in all of the soils, which were different from the results of Wang
et al. 2018 [15]. These differences may be influenced by different samples from different
forest ecosystems. This kind of influence lies in the difference between climate and soil
physico–chemical properties of the specific forest ecosystems [40]. Recent studies have
demonstrated that plant host-specific traits, including broad morphological characteris-
tics [41] and specific genetic pathways and gene products [42,43], can have significant
effects on microbiome composition and diversity. Differences of bacterial composition were
also found between two research regions in our study, for example, though Proteobacteria
and Acidobacteria were the first two predominant phyla in all soil samples, their proportions
were different between the two study locations. Studies have shown that Acidobacteria was
less abundant when the soil was moister and cooler [44,45], which was consistent with the
results in our study. Additionally, Proteobacteria was the carbon availability preferences of
this phylum [46], which could explain the different proportions of Proteobacteria between
two forest types with different SOC.

The establishment and development of plantation forests with different tree species
drive alterations in the composition and diversity of soil microbial community [4]. Previous
research found that bacterial alpha diversity was significantly related to the plant diversity,
biomass, SOC, and TN [47], which was similar with our results that demonstrated a
significant relationship between soil bacterial communities and plant properties. This may
be because the higher plant diversity might be expected to have higher root trait diversity,
and which in turn results in the exudation of a more diverse range of organic compounds
into the soil, thereby sustaining higher bacterial alpha diversity [48,49]. In addition, it was
generally accepted that below-ground microbial community can affect the above-ground
plant community by carrying out a wide spectrum of decomposition processes [50].

Different from the result that soil pH was the most important influencing factor for
driving the composition and alpha-diversity patterns of soil microbial community [51], we
found there was no significant relationship between alpha-diversity of soil bacterial and
pH, the same as the result of Liu et al. (2018) that soil bacterial community composition
and diversity following afforestation were mainly affected by tree species, followed by
soil parameters.

5. Conclusions

Afforestation with different tree species formed different vegetation patterns, and
altered soil properties and the composition and diversity of soil bacterial community.
Generally speaking, within a 20-year recovery period, the restorative effect of L. kaempferi
was better than that of P. asperata, as alpha diversity and biomass of vegetation, composition
and diversity of soil bacterial community of the ecosystem were all preferable under nearly
same environmental conditions if only taking these indices into consideration. The results
could explain our hypothesis to some extent that a planted forest with quick growth speed
and sparse canopy has higher biomass productivity and produces higher alpha diversity of
ecosystem. It could be concluded that L. kaempferi was a good option of planted tree species
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for global warming and biodiversity protection. Furthermore, long term observation is
needed to confirmthe restorative effect in more aspects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12050562/s1. Table S1: Biomass regression equation of L. kaempferi and P. asperata; Table S2:
Main index calculated equations of alpha diversity for shrubs and herbs.
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