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Abstract: This study aimed to investigate the role of plantation forests and natural secondary forests
in controlling soil physicochemical properties and microbial biomass in urban forest ecosystems.
(1) Background: Urban forests provide numerous benefits to urban ecosystems, but the interaction
between forest stands and soil properties in controlling soil microbial biomass carbon (MBC) and
nitrogen (MBN) remains poorly understood. The objective of this study was to examine how
different forest types (plantation forests and natural secondary forests) influence soil physicochemical
properties and microbial biomass in urban forest ecosystems. (2) Methods: We conducted a study
in Shushan Urban Forest Park, Hefei, China, utilizing redundancy analysis and linear regression
analyses to identify key environmental factors affecting the microbial distribution and significant
correlations between soil properties and microbial biomass. (3) Results: Plantation forests generally
had lower pH, water content, and organic carbon and nutrient content than natural forests. Natural
forests exhibited higher microbial biomass and nutrient cycling capacity. Soil depth and forest type
have significant effects on soil properties and microbial biomass in both growing and dormant seasons,
with practical implications for forest management and soil conservation in similar ecosystems. Soil
water content (SWC), pH, total nitrogen (TN), total phosphorus (TP), and soil organic carbon (SOC)
were identified as key factors affecting microbial carbon and nitrogen distribution during both
growing and dormant seasons. Our study provides important insights into the role of forest stands
and soil physicochemical properties in controlling soil microbial biomass in urban forest ecosystems.
Effective forest management strategies should be developed to promote sustainable and resilient
forest ecosystems. Future research should investigate the underlying mechanisms driving these
relationships and focus on promoting sustainable and resilient urban forest ecosystems.

Keywords: urban forest; soil physicochemical properties; microbial biomass; plantation forests;
natural secondary forests

1. Introduction

Urban forests are an important component of urban ecosystems, contributing to the
improvement of urban environments and the enhancement of urban living quality, and
have increasingly received attention from the fields of ecology and urban planning [1]. Due
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Licensee MDPIL Basel. Switzerland. L0 their location in heterogeneous and highly variable urban environments, urban forest

ecosystems are fragile and often subject to urban environmental pressures and varying
degrees of human disturbance [2,3]. Large-scale afforestation is generally considered an
effective measure to alleviate the negative impacts of such disturbances [4], and ecological
restoration through tree planting can help mitigate climate change [5].

Soil microbes, as the main decomposers within terrestrial ecosystems, play an essential
4.0/). role in regulating carbon (C) and nutrient cycling [6]. Soil microbes can fix nutrients in
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the soil and act as temporary “sinks” while also releasing nutrients as “sources,” which
can affect the material cycling and energy flow of the ecosystem, further influencing the
nutrition and health of plants, as well as the soil structure and fertility within forest ecosys-
tems [7-9]. Through the decomposition and synthesis of soil organic matter and humus,
soil microbes participate in the carbon and nitrogen cycling of the ecosystem, thereby
influencing the conversion and cycling of soil nutrients (such as nitrogen and phosphorus),
as well as playing important roles in soil formation and development, ecosystem balance,
soil environment purification, and biological restoration [10]. Among them, soil microbial
biomass is a reservoir of active soil nutrients and an indicator of soil material metabolism,
which is closely related to soil nutrients and health status [11]. The higher the content of
soil microbial biomass, the higher the activity level of the microbial community, and thus it
can reflect the material cycling ability of the ecosystem to a certain extent [12]. Although
soil microbial biomass only accounts for a small part of soil organic matter, it is the most
active part [13], and its important components are soil microbial biomass carbon (MBC)
and soil microbial biomass nitrogen (MBN).

Soil microbes are influenced by multiple factors, such as soil, climate, and forest type.
Even under the same site conditions, significant differences in soil microbial biomass can
exist among different forest vegetation types [13,14]. Therefore, soil microbial biomass can
serve as an important indicator of environmental change and can be used to evaluate the
soil quality of different vegetation types [15,16]. Generally, artificial forests are inferior to
natural regrowth forests in terms of nutrient cycling and soil quality [17,18]. For example,
Behera et al. [19] compared the soil microbial characteristics of eucalyptus plantations,
natural forests, and reforestation areas and found that soil organic carbon (SOC), total
nitrogen (TN), and microbial biomass were the lowest in eucalyptus plantations. Similarly,
Singh et al. [20] found that the levels of microbial biomass C and N were highest in natural
forests. Furthermore, Hua et al. [21] found that, compared with structurally simple artificial
forests, natural forests can better support biodiversity conservation and offer ecosystem
services such as carbon storage, soil conservation, and water source regulation.

In addition to vegetation factors, soil physicochemical properties also have significant
effects on soil MBC and MBN. Different dominant factors affect soil microbial biomass
carbon and nitrogen in different soil ecosystems, such as soil moisture, organic matter
content, and soil pH. Soil pH is one of the main factors affecting MBC and MBN, while
carbon/nitrogen/phosphorus and inorganic substances (nutrients and toxic cations) also
affect the structure of microbial communities [22-25]. Total soil organic carbon (SOC), total
nitrogen (TN), and soil moisture are the main factors causing differences in soil MBC and
MBN [26]. Day et al. [27] found that changes in microbial structure are related to aspects of
soil C and N pools and cycling. Li et al. [28] also reported a significant positive correlation
between MBC, MBN, and soil moisture. In addition, previous studies have shown that
MBN is positively related to SOC, soil total phosphorus, and available phosphorus [29].

Soil MBC and MBN are important indices of soil biological status since they play a
vital role in the transformation and cycling of organic matter and are sources of labile nutri-
ents [30,31]. However, the majority of studies exploring plant-soil-microbe interactions are
plant-centric, with a strong focus on measures of plant survival, productivity, and fitness.
Shushan Urban Forest Park, the only urban forest park near Hefei, China, provides numer-
ous ecological benefits, economic benefits, and social benefits. Currently, the vegetation
of Shushan Forest Park is mainly composed of three artificial forests planted in the 1960s,
including Pinus massoniana Lamb. (PM), Quercus acutissima Carruth. (QA), and Liquidambar
formosana Hance (LF), as well as secondary deciduous broadleaved forests [32,33]. Different
plant communities and diverse soil microbial communities constitute the main body of the
Shusha urban forest ecosystem. Combining urban forests with ecological engineering can
provide opportunities for coexistence between humans and nature and promote ecosystem
protection. Despite research on forest landscape dynamics, community dynamics, material
circulation, and soil characteristics in Shushan, our understanding of the interactive mecha-
nisms between major forest stands and soil physicochemical properties on soil MBC and
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MBN in urban forest ecosystems is still incomplete. Therefore, we conducted a study on
the soil physicochemical properties and MBC and MBN characteristics of four forest types
in Shushan Urban Forest Park. Our work in this area has two main sub-fields. First, we
systematically obtained the dynamic changes and clarified the relationship between forest
community, soil physicochemical factors, and soil MBC and MBN. Second, this research
result will provide the basis for the sustainable development of urban forests and the
protection of the ecological environment. Our main hypothesis was that soil MBC and
MBN in urban forest stands are influenced by soil physicochemical factors. To test this, we
aimed to: (1) conduct a qualitative and quantitative assessment of plantation forests and
natural secondary forests in controlling the main soil physicochemical property variability
in urban forest communities; (2) identify the main soil physicochemical factors influencing
soil MBC and MBN in four urban forest stands; and (3) detect the patterns of associations
among differences in urban forest stands, soil physicochemical properties, and MBC and
MBN characteristics at this site.

2. Materials and Methods

The Shushan Urban Forest Park (31°50'44” N, 117°10’37” E, altitude 97-110 m a.s.1.)
is located in Hefei city, Anhui province, East China, and covers a total area of 1003.01
hectares (Figure 1). It is part of the Dabieshan Mountain range and is located in a transition
zone from subtropical to warm temperate climates, characterized by distinct seasonality.
The annual average rainfall is around 1000 mm, with the majority falling between April
and September, accounting for over 70% of the total annual rainfall. The annual mean
temperature ranges from —20.6 °C to 41.2 °C. The park is comprised of four main vegetation
types, including three plantations (Pinus massoniana [PM], Quercus acutissima [QA], and
Liquidambar formosana [LF]), and secondary deciduous broadleaved forest (DB). The DB
forest also includes a diverse range of subcanopy tree species [34]. The three plantation
stands, which are each approximately 60 years old, cover over 70% of the total forest area
(Table 1). The soil type in the park is yellow-brown, developed from the weathered parent
material of gabbroid. The soils are acidic and range in depth from 7 cm to over 100 cm [35].
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Figure 1. A schematic representation of the study area in Shushan Urban Forest Park and the location
of field sites. The sampling sites were Pinus massoniana (PM), Quercus acutissima (QA), Liquidambar
formosana (LF), and secondary deciduous broadleaved forest (DB).
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Table 1. Basic condition of plots of four vegetation types.

. Longitude Latitude Slope Mean DBH ! Mean Tree . .
Quadrat Elevation (m) ©) ©) Aspect (cm) Height (m) Dominant Species
Pinus massoniana Lamb.
P. massoniana (PM) 258 117.18825 31.84305 Southeast 24.62 £+ 4.37 28.24 £ 3.67 Broussonetia papyrifera (Linn.) L’Hér. ex Vent.
Cudrania tricuspidata (Carr.) Bur.
Q. acutissima Quercus acutissima Carruth.
(QA) 194 117.18885 31.84830 Northeast 38.15 + 5.97 27.54 + 3.23 Broussonetia papyrifera (Linn.) L'Hér. ex Vent.
L. formosana (LF) 217 117.18879 31.85080 Northeast 25.63 & 10.54 28.36 + 8.16 Liquidambar formosana Hance
Sapium sebiferum (L.) Roxb.
secondary decidu-ous Celtis sinensis Pers.
y 226 117.18770 31.85227 Northeast 14.44 + 435 10.29 £ 3.04 Cudrania tricuspidata (Carr.) Bur.

broadleaved forest (DB)

Broussonetia papyrifera (Linn.) L'Hér. ex Vent.

1 DBH is the diameter at breast height. Pinus massoniana (PM), Quercus acutissima (QA), Liquidambar formosana (LF), and secondary deciduous broadleaved forest (DB).
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2.1. Experimental Set-Up and Sample Collection

Sampling took place at the end of May 2018 and in January 2019. To minimize
the potential impact of rainfall on soil samples, it is advisable to avoid taking samples
immediately after rain. Surface soil samples from a depth of 0-10 cm, 10-20 cm, and
20-30 cm were collected from three plantation forests (PM, QA, and LF) and one secondary
broadleaved forest, following the “5-location-isometric sampling method” described by
Zhang et al. [36]. In each of the four forest types, three 30 m x 30 m replicate plots were
established, with five 2 m x 2 m quadrats randomly placed within each plot. Soil samples
were collected using a 6-centimeter-diameter auger after removing forest floor debris. All
samples were passed through a 5-millimeter sieve to remove roots and other debris. A total
of 180 samples were obtained, representing four forest types with fifteen replicates each.
Each sample was divided into two portions: one half was transported on ice to the Anhui
Agricultural University laboratory and stored at 4 °C for soil physicochemical property
analysis, while the other half was used to determine MBC and MBN.

2.2. Soil Physicochemical Property Analyses

The collected fresh soil samples were measured for SWC. The remaining soil samples
were air-dried, ground, and sieved with a 0.25-millimeter mesh screen. The processed
subsamples were analyzed to determine soil pH, EC, organic carbon (SOC), TN, and TP.
SWC was measured by oven-drying at 105 °C [37] until a constant weight was obtained.
Soil pH was determined in 1:2.5 (w/v) soil solutions using a pH meter (PH8008, SMART
SENSOR, CHN). EC was measured in 1:5 (w/v) soil solutions using a HORIBA B-173
conductivity meter. SOC and TN were measured with a CHN Analyzer (EA 3000, Vector,
Milano, Italy). After micro-Kjeldahl digestion, TP was measured using a continuous
flow-injection analyzer (FUTURA, ALLIANC, Paris, France).

2.3. Soil MBC and MBN Analyses

Soil MBC and MBN were treated by chloroform fumigation and leaching [38-40].
Fresh soil was removed from roots and gravel, passed through a 5 mm sieve, 30 g of fresh
soil sample was weighed and placed on top of a desiccator, a small beaker containing 15 mL
of chloroform was placed on the bottom of the desiccator, evacuated at 25 °C until the
chloroform boiled, the desiccator was filled with chloroform gas, evacuation was stopped
and placed in a constant temperature chamber. The desiccator was filled with chloroform
gas, stopped evacuating, and placed in a thermostat for 24-36 h. After evacuating and
boiling, 10 mL of chloroform was added and placed in the thermostat for 24 h. The
desiccator was fully evacuated so that the chloroform was completely evacuated and then
extracted with 0.5 mol L~ K,SO4.

MBC was calculated as follows:

MBC = Ec/kec, 1)

where Ec = (organic C extracted from fumigated soils) — (organic C extracted from non-
fumigated soils) and kgc = 0.45 [38].
MBN was calculated as:
MBN = En/ken, ()

where Ey = (total N extracted from fumigated soils) — (total N extracted from non-
fumigated soils) and kgy = 0.54 [40].

2.4. Statistical Analysis

This study used Excel 2016, SPSS 19.0, and R 3.4.4 to conduct the statistical analyses.
Before conducting the ANOVA, normality tests were performed on the variables to ensure
that the assumptions of the analysis were met. A one-way ANOVA was used to evaluate
differences among the four vegetation types, followed by a two-tailed Student’s ¢-Test to
compare the means between each pair of the four vegetation types, with a significance
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level of 0.05. Furthermore, a one-way ANOVA was used to evaluate the differences in data
between more than two groups. A significance level of p < 0.05 was used to determine
whether the differences or correlations between two groups of data were “significant” in sta-
tistical terms, while a significance level of less than 0.01 was considered “highly significant”.
A multivariate analysis of variance (MANOVA) using SPSS 19.0 was conducted to assess
the effects of Depth, Forest type, and their interaction term on the soil physicochemical
properties and microbial biomass in both the growing and dormant seasons. All statistical
tests were considered significant at p < 0.05. The “ggplot2” package in R [41] was used for
correlation analysis between the soil physicochemical properties and MBC and MBN. The
normality of the selected variables is tested, and if they do not follow a normal distribution,
a logarithmic transformation is applied. The significance of the correlation coefficient was
determined based on the p-value, usually with a significance level of 0.05. The RDA analysis
of soil physicochemical properties and carbon source utilization efficiency during growth
and dormant seasons used the “vegan” package in R [42]. RDA analysis was performed,
including checking whether the data conforms to a unimodal model, standardizing the
data, building the RDA model, performing forward and backward selection, checking
collinearity, and obtaining the best model. In order to ensure the validity of the RDA
analysis, the decorana function was used to determine whether a linear or unimodal model
was more appropriate, and the data was then standardized for each season. The envfit
function was used to perform a significant test on these explanatory variables.

3. Results
3.1. Soil Physicochemical Properties

In this study, it was observed that all samples were found to be acidic, with the soils of
plantation forests exhibiting a more pronounced acidic nature compared to those of the DB
stand. In three soil layers, the DB stand had the highest pH values, followed by the PM, LF,
and QA stands (Table 2). During the growing season, a non-significant difference was noted
in the soil pH between the PM and LF stands and the DB stand within the 0-10 cm soil layer
(p = 0.995, p = 0.105). However, there was a highly significant difference between the QA
stand and the other three stands (p < 0.001). In 10-20 cm, a significant difference in soil pH
was noted between PM and QA stands (p < 0.001), but not between PM and the other two
stands (p = 0.934, p = 0.685). The QA stand showed highly significant differences in soil pH
from the other three stands in all three soil layers during the growing season. Additionally,
it is noteworthy that during the dormant season, there was a significant difference in soil
pH between the plantation QA and the other three stands, as presented in Table S1. During
the growing season, the EC values of the four forest stands showed the highest values in
QA across all three soil layers, with a gradual decrease in EC values as soil depth increased.
The differences in EC values between QA and LF were highly significant in three soil layers
(p < 0.05). Notably, within the 0-10 cm soil layer, a significant difference in EC values
was found between QA and LF (p = 0.029), while no significant difference was observed
between DB and the other three stands. In the 10-20 cm soil layer, significant differences
in EC values were observed between QA and the other stands (p < 0.001 for QA vs. PM,
and p = 0.002 and 0.037 for QA vs. DB and QA vs. LF, respectively). Similarly, in the
20-30 cm soil layer, significant differences were noted between QA and PM/LF (p = 0.009
for QA vs. PM and p = 0.002 for QA vs. LF), while no significant difference was found
between DB and the other three stands (p > 0.05). Except for QA, no significant difference
was found between PM and the other two stands (p = 0.704 for PM vs. DB, and p = 0.113
for PM vs. LF). Furthermore, during the dormant season, a significant difference in EC
values was observed between DB and plantation QA /LF in the 0-10 cm soil layer (p = 0.025,
0.028, respectively), as well as between DB and plantation QA in the 10-20 cm soil layer
(p < 0.05). During the growing season, we found that the DB had the highest SWC values in
all three soil layers. A significant difference in SWC values was observed between DB and
the plantations PM/QA soils in the 0-10 cm soil layer (p < 0.001). Similarly, in the 10-20 cm
soil layer, significant differences in SWC values were found between DB and the other two
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stands, particularly with QA (p < 0.001). In the 20-30 cm soil layer, significant differences
in SWC values were noted between QA and the other three forest stands, particularly with
DB (p < 0.001). Furthermore, during the dormant season, the SWC values of natural forest
DB and plantation LF were not significantly different in the three soil layers.

Table 2. Soil physicochemical properties in four urban forest types in the growing season.

Soil
I;aye)r FT";;Zt pH EC (uS/cm) SWC (%) SOC (g/kg) TN (g/kg) TP (mg/kg)
cm
PM 507 +0.643P  80.25 + 42.51 @b 23.08 +7.89P 26.61 +11.41b 1.68 £0.67° 022+0.122
010 QA 437 +034¢  108.23 +82.882 25.02 4 3.66 P 3521+11.312 238+0622 0.2140.042
LF 503+048P  76.67 +£3392b 28.68 +4.702 20.38 £ 9.55¢ 1.36 £ 053¢  0.15+0.06°
DB 555+ 0552  96.93 + 49.00 3028 £5.132 2339 £829P¢  189+049P  0.20+0.052
PM 53440532  54.67 4+ 29.08" 26.50 + 7.85 b¢ 17.31 £ 8.50b 1.26 +0.54> 021 +0.162
10-20 QA 458 +£0.49P  103.96 +96.342 23.73 +3.61°¢ 21.35 + 7.68 2 1.54 40392 (.17 + 0.04 2
LF 527+ 0562  60.60 +17.72P 27.54 + 4.76 3 14.20 + 4.48b 1.07 £ 032>  0.15+0.08P
DB 560 +0542 7518 4+ 26.46P 29.31 +4.602 17.41 +£4.33b 156 £0.262 (.18 & 0.05 3P
PM 557 +0.492 5920 +20.93 b 29.28 +7.772 14.81 + 6.58 b 114 £041° 018+0.122
20-30 QA 488+051°¢  81.31 +51.562 25.08 +4.91° 19.36 + 8.29 142 +0412 0.18+0.132
LF 549+ 051  62.39 +15.84P 28.16 4 4.98 2 1223 +4.10P 098 +030P 013+0.06"
DB 583404823 7256 +29.33ab 30.61 +£5.632 15.01 + 4.46 b 150 £0.532 (.16 4+ 0.04 2P

Note: The values are the mean values and standard deviations (SD) of the samples. The use of different letters to
denote different groups indicates significant differences between their means at a significance level of p < 0.05.
EC, Electrical conductivity; SWC, Soil water content; SOC, Soil organic carbon; TN, Total nitrogen; TP, Total
phosphorus. PM, Pinus massoniana, QA, Quercus acutissima, LE, Liquidambar formosana, DB, secondary deciduous
broadleaved forest.

This study found that the SOC content gradually decreased with increasing depth
across all four forest stands. During the growing season, the SOC content of QA soil was
the highest among the four forest stands, while LF had the lowest SOC content. In the
0-10 cm soil layer, significant differences were observed between QA and DB (p < 0.001),
while no significant differences were found between PM and DB (p = 0.226). Furthermore,
LF and DB soils showed no significant difference in terms of SOC content (p = 0.255). In the
10-20 cm soil layer, significant differences were observed between the QA soil and the soils
of the other three forest stands (p < 0.001). Similarly, in the 20-30 cm soil layer, significant
differences were found between QA and the other three forest stands (Table 2). Moreover,
during the dormant season, significant differences in SOC values were observed between
natural forest DB and plantations (PM and LF) in three soil layers. During the growing
season, there were significant differences in the TN values of DB and plantation LF soils
across all three soil layers. Notably, in the 0-10 cm soil layer, significant differences were
observed between LF and the other three forest stands (p < 0.001). In the 10-20 cm and
20-30 cm soil layers, significant differences were found between DB and the other two
forest stands, LF and PM (p < 0.001). Furthermore, during the dormant season, significant
differences in TN values were observed between DB and the other two forest stands, PM
and QA (p < 0.001). This study found that during the growing season, LF had the lowest
TP content across all three soil layers. Notably, significant differences in TP content were
observed between LF and the other three forest stands in the 0-10 ¢cm soil layers (p < 0.001).
In the 10-20 cm soil layer, significant differences were found between PM and LF (p = 0.018),
while in the 20-30 cm soil layer, significant differences were found between LF and QA
(p = 0.019), as well as between PM and LF (p = 0.04). Furthermore, during the dormant
season, significant differences in TP content were observed between natural forest DB and
plantation PM in all three soil layers (p < 0.001) (Table S1).
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3.2. Soil MBC and MBN Characterizations

MBC content showed a decreasing trend from PM to DB to LF to QA in all three
soil layers during the growing season. In the 0-10 cm soil layer, plantation PM had the
highest MBC and MBN values, 38.4 mg/kg and 12.52 mg/kg, respectively, while values
decreased with increasing soil depth (Table S2). Plantation QA and LF also showed a
decreasing trend in MBC and MBN content with increasing soil depth, while MBC content
in LF showed a decreasing trend ranging from 26.05 mg/kg to 5.53 mg/kg. The MBC
content in DB also decreased with soil depth, with a range of 26.46 mg/kg to 14.07 mg/kg,
while the MBN content showed an increasing trend followed by a decreasing trend, with
a range of 10.04 mg/kg to 3.81 mg/kg. During the dormant season, plantation LF had
the highest MBC and MBN values in all three soil layers. The MBC and MBN values in
plantation PM decreased with increasing soil depth, with MBC ranging from 26.89 mg/kg
to 20.54 mg/kg and MBN ranging from 8.37 mg/kg to 5.25 mg/kg. The MBC and MBN
contents in LF and DB also decreased with increasing soil depth, with the highest MBC
value in LF being 36.83 mg/kg and the lowest being 32.08 mg/kg, and the highest MBN
value in LF being 13.95 mg/kg and the lowest being 9.05 mg/kg. The highest MBC value
in DB was 33.99 mg/kg, while the lowest was 19.66 mg/kg, and the highest MBN value in
DB was 13.32 mg/kg, while the lowest was 6.46 mg/kg.

During the growing season, significant differences in MBC were observed between
DB and plantation PM in all three soil layers (p < 0.001), while no significant differences
were observed during the dormant season (Figure 2). In the 10-20 cm soil layer during the
growing season, significant differences in MBC content were observed between DB and
plantation QA and PM, with the difference between DB and QA being highly significant
(p < 0.001). In the 20-30 cm soil layer, no significant differences in MBC were observed
between DB and the three plantation stands (p = 0.781, 0.062, 0.072). In terms of MBN
content, during the growing season, significant differences were observed between DB and
plantation PM in the 0-10 cm soil layer (p < 0.001), between DB and plantation QA in the
10-20 cm soil layer (p = 0.0183), and between DB and plantation PM in the 20-30 cm soil
layer (p = 0.0453). During the dormant season, significant differences in MBN content were
observed between DB and plantation QA in the 0-10 cm soil layer (p < 0.001) and between
DB and plantation LF in the 10-20 cm and 20-30 c¢m soil layers (p = 0.0313, 0.0082).

8PM

60 A QA ™ 20
b =L

Growing season MBC (mg/kg)
Growing season MBN(mg/kg)

Dormant season MBC (mg/kg)
Dormant season MBN (mg/kg)
.
&

0-10cm

Figure 2. Soil microbial biomass carbon (MBC) and nitrogen (MBN) in four forest stands during
the growing and dormant seasons. (a) MBC in the growing season; (b) MBN in the growing season;
(c) MBC in the dormant season; (d) MBN in the dormant season. PM, Pinus massoniana, QA, Quercus
acutissima, LE, Liquidambar formosana, DB, secondary deciduous broadleaved forest. The error bars
in the figure represent standard deviations (SD) of the mean values. The letters a, b, and c above
the bars indicate significant differences (p < 0.05) between groups, with different letters indicating
significant differences between means.



Forests 2023, 14, 1498

9of 17

3.3. Impact of Forest Types and Soil Layers on Soil Properties and Microbial Biomass

The MANOVA results showed that both Depth and Forest type, as well as their
interaction terms, have a significant effect on the soil physicochemical properties as well
as the microbial biomass in both the growing and dormant seasons (Table 3). Specifically,
in the growing season, the main effect of Depth was found to be significant for pH, SOC,
TN, MBC, and MBN (p < 0.001), while the main effect of Forest type was significant for pH,
EC, SWC, SOC, TN, TP, MBC, and MBN (p < 0.001). Moreover, the interaction between
Depth and Forest type was found to be significant for MBN (p < 0.001). In the dormant
season, Depth was found to be significant for pH, TN, and MBN (p < 0.001), as well as SOC
(p =0.02) and TP (p = 0.003), while Forest type was significant for pH, TN, TP, MBC, and
MBN (p < 0.001), as well as EC (p = 0.009) and SOC (p = 0.041). Moreover, the interaction
between Depth and Forest type was found to be significant for MBN (p < 0.001). Overall,
these findings suggest that both Depth and Forest type play important roles in shaping the
soil properties and nutrient cycling in this study area and that the effects may vary between
the growing and dormant seasons. These findings have practical implications for forest
management and soil conservation practices in similar ecosystems.

Table 3. Impact of forest types and soil layers on soil properties and microbial biomass.

Growing Season Dormant Season
Depth x Forest Depth x Forest
Factor Depth Forest Type Type Depth Forest Type Type
F p F p F p F p F P F p
pH 15.083 0.000 51085 0090 073 g9 11.287 0.000 37.152 0-000 0.511 0.799
Electrical
Conductivity ~ 9.278 0.000 21488 %00 157 03 1.209 0.301 3.974 0.009 0.794 0.576
(EQ)
Soil water 0.000
content 1.169 0.313 12.743 e 0671 0673 1.1 0.335 0.864 0.461 0.975 0.444
(SWC)
Soil organic
carbon 10639 0000 gopn 0000 a0 0232 4028 002 2809  0041* 0823 0554
(SOC)
Total 0.000 0.000 0.000 0.000
nitrogen 39.668 e 17.1 e 1493  0.183 15.212 e 31.807 o 0.198 0.977
(TN)
Total
phosphorus ~ 2.874 0.059 wae 000 147 03 6.206 0.003 28.548 0-000 0.286 0.943
(TP)
Microbial
1?55?338 29.813 0;290 31.087 0;290 1766 0.109 2.372 0.096 6.454 0;290 1.699 0.124
(MBC)
Microbial
biomass 33.964 0.000 7359 0000 536 0000 13.595 0.000 22.789 0-000 3.812 0.001
nltrogen
(MBN)

Note: Signif. codes: “***" 0.001 **" 0.01 “*" 0.05.

3.4. Relationships between Soil Physicochemical Properties and Microbial Biomass

Our results showed that there were significant positive correlations between MBC
and pH, EC, TP, SOC, and TN in PM plantations. However, the correlation between MBC
and SWC was not significant. Furthermore, we found that the strength of the correlations
between MBC and these soil properties varied with different sampling seasons. For instance,
the correlation between MBC and pH was relatively weak in the growing season but became
much stronger in the growing season. In contrast, the correlation between MBC and TP
was strongest in the growing season but weakened in the growing season (Figure 3).
Our results showed that the correlations between MBN and pH, EC, TP, SOC, and TN
were all significant in PM plantations (p < 0.05 or p < 0.01) except for SWC (p > 0.05).
Specifically, MBN was positively correlated with EC, TP, SOC, and TN, while MBN was
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weakly positively correlated with pH. These findings suggest that soil EC, TP, SOC, and
TN may be important factors influencing MBN in the studied area, while soil pH and
SWC may have a relatively weaker effect on soil MBN (Figure 4). We found that soil
pH was positively correlated with MBC, with a correlation coefficient of 0.48 in the QA
plantation (p < 0.01). In contrast, EC was negatively correlated with MBC, with a correlation
coefficient of —0.43 (p = 0.02). SWC was positively correlated with MBC, with a correlation
coefficient of 0.42 (p = 0.02). However, TP, SOC, and TN showed weak or no correlation
with MBC. Our results suggested that soil pH and EC are important factors affecting
MBC in the QA plantation. High soil pH may promote microbial activity, while high EC
may inhibit it. Additionally, soil moisture content appears to be a key factor influencing
MBC in the QA plantation ecosystem (Figure S1). Soil pH was positively correlated with
MBN, while EC was negatively correlated with MBN in the QA plantation. SWC was also
positively correlated with MBN. However, TP, SOC, and TN showed weak or no correlation
with MBN. The positive correlation between soil pH and MBN suggests that a higher
soil pH may promote microbial activity and nutrient cycling in the forest ecosystem. In
contrast, the negative correlation between soil EC and MBN suggests that high levels of
soil salinity may have a negative impact on microbial communities and their functions.
The positive correlation between SWC and MBN suggests that water availability plays an
important role in regulating microbial activity and nutrient cycling in Quercus acutissima
forest soils (Figure S2).

We observed that pH had a weak positive correlation with MBC, while EC had a weak
negative correlation with MBC in the LF planation (Figure S3). SWC exhibited a strong
positive correlation with MBC. TP, SOC, and TN did not show significant correlations
with MBC. We found that the correlation between MBC and SWC was significant in all
seasons, while the correlations between MBC and pH, EC, TP, SOC, and TN varied across
seasons. Our results showed that MBN was negatively correlated with EC (r = —0.52,
p < 0.01), while no significant correlation was found between MBN and pH, TP, SOC, or
TN. Additionally, the correlation analyses were conducted separately for two different
seasons, but no significant differences were observed. These findings suggest that soil EC
may play a crucial role in regulating MBN in the LF plantation, while other soil properties
showed no significant effects (Figure S4). Our results showed that MBC was positively
correlated with soil pH, SWC, SOC, and TN in secondary deciduous broad-leaved forests.
However, no significant correlation was found between MBC and EC, TP, or other soil cation
elements. The strongest correlation was observed between MBC and pH, with correlation
coefficients ranging from 0.32 to 0.57, depending on the season and soil layer. These
findings suggest that soil pH and water availability are important factors influencing the
microbial community in secondary deciduous broad-leaved forest ecosystems (Figure S5).
Our results showed that MBN was negatively correlated with EC (r = —0.52, p < 0.01),
while no significant correlation was found between MBN and pH, TP, SOC, or TN in the
secondary deciduous broad-leaved forest. These findings suggest that soil EC may play
a crucial role in regulating MBN in the DB forest, while other soil properties showed no
significant effects. Additionally, the correlation analyses were conducted separately for two
different seasons, but no significant differences were observed (Figure S6).

We used the decorana function to determine whether a linear or unimodal model was
more appropriate and then standardized the data for each season. We generated RDA plots
for each season and calculated the contribution of the explanatory variables. The RDA
analysis for the growing season revealed that SWC, pH, TN, TP, and SOC were important
environmental factors that influenced the distribution of MBC and MBN. The RDA 1 and
RDA 2 axes explained 73.53% and 3.99% of the variation, respectively. The envfit function
performed a significant test on these explanatory variables, which showed that they had a
significant effect on MBC and MBN. The RDA analysis for the dormant season showed that
SWC, pH, TP, TN, and SOC were key environmental factors that influenced the distribution
of microbial biomass carbon and nitrogen. The RDA 1 and RDA 2 axes explained 86.08%
and 6.31% of the variation, respectively. Similarly, the envfit function’s significant test
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results showed that these explanatory variables had a significant effect on MBC and MBN

(Figure 5).
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Figure 5. Ordination plot of the results from the redundancy analysis (RDA). (a) The growing
season; (b) The dormant season. The plot was used to explore the relationships between selected
soil physicochemical properties and soil microbial biomass carbon (MBC) and nitrogen (MBN). The
primary factors for the variables of the soil’s physicochemical properties are represented by arrows.
Solid circles for Pinus massoniana (PM), darker gray fill for Quercus acutissima (QA), lighter gray fill
for Liquidambar formosana (LF), and lightest gray fill for secondary deciduous broadleaved forest (DB).
The triangles and squares also follow a similar pattern.

4. Discussion
4.1. Effects of Different Forest Types on Soil Physicochemical Characteristics

Our results indicated that all forest stands had acidic soils, with plantation forests ex-
hibiting higher levels of acidity compared to the natural forest. This finding was consistent
with previous studies that have reported a decline in soil pH due to human activities such
as afforestation [43,44]. In terms of soil pH, the DB stand had the highest values across all
three soil layers during the growing season, while the QA stand exhibited the lowest values.
The significant difference in soil pH between the QA stand and the other three stands
suggested that the soil in the QA stand may have been affected by certain plant species,
such as conifers, which have been reported to produce organic acids that can lower soil
pH [45]. Furthermore, the high EC values observed in the QA stand during the growing
season may indicate high levels of soluble salts, which can also contribute to soil acidity,
similar to the observations by Liu et al. [46]. This study also found significant differences
in soil SWC between the natural forest DB stand and the plantation forests, particularly in
the 0-10 cm and 10-20 cm soil layers. This finding was consistent with previous research
showing that Ding et al. [47] reported lower SWC in plantation forests due to lower canopy
interception and higher evapotranspiration rates compared to natural forests. The higher
SWC in the DB stand may be attributed to the presence of a diverse range of plant species,
which can increase soil water-holding capacity, as reported by Liu et al. [48]. The results
also indicated that the SOC content gradually decreased with increasing soil depth across
all forest stands. During the growing season, the QA stand showed the highest SOC content
among the four forest stands, while the LF stand had the lowest. This finding was consistent
with previous studies that reported higher SOC content in coniferous forests compared to
broadleaf forests due to differences in litter quality and decomposition rates [49,50]. The
significant differences in SOC content between the QA stand and the other three stands
suggest that the choice of plant species in plantation forests can have a significant impact
on soil organic matter accumulation.

Furthermore, this study found significant differences in TN and TP content between
the natural and plantation forests. During the growing season, the TN content of the DB
stand was significantly higher than that of plantation LF and PM stands across all three soil
layers. This finding suggested that the natural forest may have a higher capacity to retain
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and cycle nitrogen compared to plantation forests, which can be attributed to the presence
of a diverse range of plant species and associated microbes that can facilitate nutrient
cycling [51]. The TP content also showed significant differences between forest types, with
the DB stand having the highest values among all four forest stands. This finding suggested
that natural forests may have a greater capacity to accumulate phosphorus due to the
presence of a complex and diverse soil microbial community that can facilitate nutrient
cycling, which was consistent with a previous study by Liu et al. [51]. This study found
that the physicochemical characteristics of soil in natural and plantation forests differ
significantly. Plantation forests generally exhibit lower soil pH, lower SWC, and lower SOC
and nutrient content than natural forests. The results suggested that the choice of plant
species in plantation forests can have a significant impact on soil properties, highlighting
the importance of considering the ecological implications of afforestation and reforestation
efforts. The findings of this study provide important insights for forest management and
conservation practices aimed at maintaining and enhancing soil fertility and ecosystem
health.

4.2. Effects of Soil Physicochemical Factors on Soil Microbial Biomass

Our results showed that plantation PM had the highest MBC and MBN values in the
0-10 cm soil layer during the growing season, while plantation LF had the highest values
during the dormant season in all three soil layers. The decreasing trend in MBC content
from PM to DB to LF to QA in all three soil layers during the growing season may be
attributed to differences in plant species composition and litter quality [49,51]. In addition,
our statistical analysis showed significant differences in MBC and MBN content between
natural and plantation forests, with natural forests exhibiting higher levels of microbial
biomass and nutrient cycling capacity, which was consistent with the findings of Li et al.
and Wang et al. [43,44]. Specifically, our results showed that MBC and MBN content were
significantly influenced by soil depth and forest type, with the highest values observed at
shallower soil depths in plantation PM during the growing season and in plantation LF
during the dormant season. These findings suggest that soil depth and forest type should
be considered in forest management practices to promote sustainable and resilient forest
ecosystems.

Our findings suggested that natural forests may have a higher capacity for soil nutrient
cycling and microbial growth, which may contribute to greater ecosystem sustainability
and resilience. Forest management practices should consider the effects of forest type on
soil microbial biomass and physicochemical characteristics to promote ecosystem health
and function. Future research should continue to investigate the underlying mechanisms
that drive these differences and develop effective forest management strategies that pro-
mote sustainable and resilient forest ecosystems. Overall, our findings suggested that
natural forests may have a greater capacity for soil nutrient cycling and microbial growth
compared to plantation forests. These findings have important implications for forest man-
agement practices and highlight the need for further research to understand the underlying
mechanisms that drive these differences.

4.3. Forest Type and Soil Layer Interactions Influence Soil Properties and Microbial Biomass

Our findings indicate that Depth and Forest type play important roles in shaping soil
properties and nutrient cycling in this ecosystem. The effects of these factors may vary
between the growing and dormant seasons, which has implications for forest management
and soil conservation practices in similar ecosystems. Managers should consider the
interaction between Depth and Forest type when developing their management strategies.
For example, our finding that the interaction between Depth and Forest type was significant
for MBN during both seasons suggests that maintaining an appropriate soil depth and
utilizing mixed forests may be effective in maintaining soil fertility and ecosystem health.

These findings are consistent with previous studies that have reported the impact
of forest types and soil layers on soil properties and nutrient cycling [52,53]. Our study
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adds to this body of knowledge by highlighting the importance of considering Depth and
Forest type interactions in forest management and soil conservation practices in similar
ecosystems. It is important to note that our study was conducted in a specific geographic
area and under certain environmental conditions. The generalizability of our findings to
other ecosystems may be limited. Future research should be conducted in other regions
and under different environmental conditions to further validate and expand upon our
findings.

4.4. Implications of Soil Physicochemical Properties on Soil MBC and MBN

We found that the correlations between MBC and soil pH, EC, TP, SOC, and TN were
significant in the PM plantation, while the correlation between MBC and SWC was not
significant. In contrast, the correlation between MBC and SWC was significant in the
QA plantation, while TP, SOC, and TN showed weak or no correlation with MBC [54,55].
Our results suggested that soil pH and EC are important factors affecting MBC in the QA
plantation, while soil moisture content appears to be a key factor influencing MBC in this
ecosystem. In the LF plantation, SWC exhibited a strong positive correlation with MBC,
while TP, SOC, and TN did not show significant correlations with MBC. Soil EC may play a
crucial role in regulating MBN in the LF plantation, while other soil properties showed no
significant effects. In the DB forest, MBC and MBN were positively correlated with soil pH,
SWC, SOC, and TN, while no significant correlation was found between MBC and EC, TP,
or other soil cation elements [56].

Importantly, our study highlighted the differences between artificial and natural forest
ecosystems in terms of soil microbial biomass. For instance, we found that MBC and
MBN were positively correlated with pH, EC, TP, SOC, and TN in the PM plantation,
but not in the natural forests (QA, LF, and DB). This suggested that human intervention
through plantation forestry may have altered the relationships between soil properties
and microbial biomass in these ecosystems. Our findings also provided insights into the
seasonality of MBC and MBN in different forest types. We observed that the correlation
between MBC and soil properties varied with different sampling seasons. For instance, the
correlation between MBC and pH was relatively weak in the growing season but became
much stronger in the dormant season in the PM plantation. Similarly, the correlation
between MBC and TP was strongest in the growing season but weakened in the dormant
season. These findings suggest that seasonality should be considered when investigating
the relationships between soil properties and microbial biomass in forest ecosystems [56].
Overall, our results suggest that soil physicochemical properties play important roles in
regulating soil microbial biomass in forest ecosystems. The specific relationships between
soil properties and microbial biomass vary with forest type and sampling season. Our
findings have important implications for forest ecosystem management and conservation,
particularly in the context of human intervention through plantation forestry. Future
research should investigate the underlying mechanisms driving these relationships and
their potential impacts on ecosystem functioning and services.

5. Conclusions

This study aimed to investigate the effects of different forest types on soil physico-
chemical properties and their impacts on soil microbial biomass in China. Our results
demonstrated that plantation forests generally exhibited lower soil pH, lower soil water
content, and lower soil organic carbon and nutrient content than natural forests. The choice
of plant species in plantation forests had a significant impact on soil properties, highlighting
the importance of considering the ecological implications of afforestation and reforestation
efforts. Furthermore, our findings indicated that natural forests had a higher capacity for
soil nutrient cycling and microbial growth, which may contribute to greater ecosystem
sustainability and resilience. Our study also emphasized the importance of considering the
seasonality of soil microbial biomass and its relationships with soil properties. We found
that the correlations between soil properties and microbial biomass varied with different
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sampling seasons, suggesting that seasonality should be considered when investigating
the relationships between soil properties and microbial biomass in forest ecosystems. Our
study provides new insights into the impact of Depth and Forest type interactions on soil
properties and microbial biomass in this ecosystem. The findings have practical impli-
cations for forest management and soil conservation practices in similar ecosystems and
highlight the importance of considering these factors when developing forest management
strategies. Future research should continue to investigate the underlying mechanisms that
drive these differences and develop effective forest management strategies that promote
sustainable and resilient forest ecosystems.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/f14071498 /s1, Figure S1: Linear relationships between
soil physicochemical properties and soil MBC in Quercus acutissima planation; Figure S2: Linear
relationships between soil physicochemical properties and soil MBN in Quercus acutissima planation;
Figure S3: Linear relationships between soil physicochemical properties and soil MBC in Liquidambar
formosana planation; Figure S4: Linear relationships between soil physicochemical properties and soil
MBN in Liguidambar formosana planation; Figure S5: Linear relationships between soil physicochemical
properties and soil MBC in secondary deciduous broadleaved forest; Figure S6: Linear relationships
between soil physicochemical properties and soil MBN in secondary deciduous broadleaved forest;
Table S1: Soil physicochemical properties in four urban forest types in the dormant season; Table S2:
Soil microbial biomass C, N in growing season and dormant season.
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