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Abstract: Forest gaps create a favorable microenvironment for the growth of the soil microbial
community. This study aimed to explore the effects of gap-related microenvironmental heterogeneity
on soil bacterial communities in Larix principis-rupprechtii Mayr forest gaps. Therefore, the redundancy
analysis (RDA) and structure equations modeling (SEM) of affecting elements were further used to
test the significance of forest gaps’ effect on soil bacterial community composition and co-occurrence
structure complexity. The formation of forest gaps increased canopy opening (CO) and significantly
increased soil moisture content (SW), soil temperature (ST) and the accumulation of acid phosphatase
(PHO) and sucrase (INV) in the soil, and the G250 (forest gap size: >250 m2) was most conductive
to the accumulation of light and soil total nutrient. G50, G70, and G100 (forest gap size: 50–70 m2,
70–100 m2, 100–125 m2) were most favorable for the natural regeneration of the L. principis-rupprechtii
Mayr plantation. The light properties under the forest gaps were the most significant factor that
influenced the soil bacterial community composition, followed by the size of the forest gap, with
standard path coefficients (Std. PCs) of 0.45 and −0.37, respectively. The canopy opening (CO),
relative light intensity (RLA) and leaf area index (LAI) were considered to be the most important
environmental factors affecting bacterial community composition (Std. PCs: 0.97, 0.99, and −0.93,
respectively). The natural regeneration density under the forest gap was the most significant factor
influencing the complexity of the soil bacterial community co-occurrence network, followed by soil
nutrients (Std. PCs: 0.87 and −0.76, respectively).

Keywords: forest gap; microenvironmental factors; soil bacteria; Larix principis-rupprechtii Mayr

1. Introduction

As the drivers of spatiotemporal patterns, forest gaps (hereafter referred to as gaps)
play an essential role in forest ecology [1]. The formation and size of forest gaps, which
influence environmental heterogeneity, including soil temperature, soil moisture, light
intensity, and soil nutrients, maintain the complex structure of late-successional forests and
affect the vegetative regeneration [2,3], pedo-diversity, and microbial diversity [4–6].

Gap cultivation systems (i.e., by removing one or more upper-layer trees in a depressed
stand) directly increase solar radiation and rain flushing in the understory and further
impact certain aspects of micro-environmental heterogeneity, such as soil temperature,
humidity, and physicochemical properties [7–10]. Micro-environmental changes in forest
gap formation can affect the structure and function of soil microbial communities [4,5].
Compared with closed forests, forest gaps with elevated soil temperature, moisture, and
available nitrogen promote the aggregation of soil microbial communities [5]. Small gaps
can increase the activity of soil phosphatase and urease and the effectiveness of soil nutri-
ents, which can, in turn, increase the soil microbial biomass [3]. Schlieamnn et al. (2014)
reported that vegetation restoration and reduced microbial biomass limited the impact of
larger gaps on nutrient cycling in boreal broadleaf forests [8]. Yang et al. (2017) reported
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that small forest gaps were beneficial for soil microbial communities and soil enzyme activ-
ity in oleander forests [9]. In their study on oil pine plantation regeneration, Yu et al. (2018)
reported that small forest gaps had higher microbial phospholipid fatty acid (PLFA) levels,
enzyme activity, and soil nutrient effectiveness [11]. However, the micro-environmental
factors that play an important role in the diversity, composition, and co-occurrence network
structure of soil bacterial communities in the forest gaps remain unknown.

L. principis-rupprechtii Mayr, as a dominant tree species endemic in northern China, is
commonly found in plantations which exist in substantial forest gaps with different sizes.
In mature forests, the number and size of forest gaps are increased due to competitive
exclusion and anthropogenic disturbance [4]. In the context of near-natural management
theory, L. principis-rupprechtii Mayr plantations can be used as a reasonable natural model
to study plant species distribution patterns affected by changes in forest gap area. It is
necessary to investigate whether forest gaps can be used as a means of disturbance to
promote L. principis-rupprechtii plantations to the natural constant forest stage. In recent
decades, based on the theory of forest gap delineation (GPH) [12], it has been further
proposed that forest gap disturbance can alter stand structure and provide opportunities for
the natural regeneration of vegetation [13–15]. Considering the changes in solar radiation,
soil environment, and stand structure after forest gap formation, we hypothesized that the
soil bacterial community composition and co-occurrence network structure would also
change after forest gap formation. Moreover, the range of forest gap sizes addressed in
previous studies varied widely across different forest ecosystems [3,9–11]. Therefore, it is
necessary to study the effects of forest gap size and environmental heterogeneity on soil
bacterial communities in L. principis-rupprechtii plantations.

The objective of this study was to investigate the effects of different-sized forest gaps
on soil bacterial community composition and co-occurrence network structure in L. principis-
rupprechtii plantations based on the following hypotheses: (1) after the formation of a forest
gap, the light properties and soil characteristics would change in forest gaps compared to
closed forests; (2) changes in soil bacterial community composition and structure would
be closely related to gap-altered microenvironments with different-sized forest gaps; and
(3) changes in soil bacterial community structure would be closely related to L. principis-
rupprechtii regeneration.

2. Materials and Methods
2.1. Study Area

This study was located in the Guandi Mountain Nature Reserve (37◦45′−37◦55′ N,
111◦22′−111◦33′ E) in Shanxi province, China. In the study area, the native dominant
vegetation was mostly naturally regenerated L. principis-rupprechtii (80–90%), accompanied
by a small proportion of Picea asperata Mast and Betula platyphylla Suk plantations. In the
late 1960s, a pure stand with an initial density of 4000–5000 stems/ha was formed after
afforestation. The stand density was adjusted to 1000–2000 stems/ha by manual thinning at
the 25th and 40th years after planting. The stand canopy cover was approximately 0.6–0.7,
and the average tree height was approximately 19.71 m. The soil is classified as brown soil
(Chinese classification) with an average thickness of 70–80 cm, including a 10 cm humus
layer. Most forest gaps in the study area were formed by thinning, and only a few were
formed by root-digging windfall and dead standing trees. All the selected gaps in this
study had already been forming for 10 years by 2021 (age of forest gap = age of forest–age
of logging; the age error for all loggings in the gaps was controlled at 1–2 years).

2.2. Experimental Design

The survey was conducted from June to August 2021. A total of 25 gaps with similar
elevations, slope, and slope aspects were selected in the study area, which were divided
into seven classes: G250: >250 m2 (n = 3); G150: 150–250 m2 (n = 3); G125: 125–150 m2

(n = 4); G100: 100–125 m2 (n = 4); G70: 70–100 m2 (n = 4); G50: 50–70 m2 (n = 4); and
G0 (n = 3): 10 m × 10 m closed forest. For each gap size gradient, 3–4 replicates were



Agronomy 2023, 13, 38 3 of 16

created (Table 1). The location of each gap was recorded using GPS tracking (TX35-S300,
Beijing, China). Based on field surveys, regenerated plants were classified according to
height (H) and diameter at breast height (DBH): seedlings (0.1 m ≤ H < 1 m), saplings
(H ≥ 1 m, DBH ≤ 5 cm), adult trees (DBH > 5 cm). The total regenerated individuals
were calculated as the sum of seedlings and saplings. The variables measured in each gap
were as follows: regeneration density (ReD) (the number of regenerated individuals per
square meter (stems—m2), H, DBH, and the age of the regenerated individuals (a). The
age of all surveyed regenerated individuals was <10 years, indicating that the plants were
regenerated after forest gap creation.

Table 1. Basic information of the L. principis-rupprechtii plantation along seven forest gap classes in
the Luliang Mountains of China (n = 25).

Type of Gap
Expand Gap

Size
(m2)

Altitude
(m)

Slope
(◦)

Number
of Gap
Border
Trees

Mean DBH
of Border

Trees

Mean Age of
Regenerated

Individuals(a)

Number of
Regenerated
Individuals
(Stems per

Gap/Closed
Forest)

Regenerated
Individual

Density
(Stems per ha)

G50 (50–70 m2) 63.2 ± 7.7 a 2053 ± 15.0 20–22 6 ± 1 a 26.5 ± 7.93 ab 4.6 ± 2.5 ab 115 c 18,367 d
G70 (70–100 m2) 73.4 ± 3.2 ab 2042 ± 11.0 20–23 9 ± 2 ab 21.2 ± 10.24 a 4.4 ± 2.5 a 91 bc 12,354 c

G100 (100–125 m2) 115.7 ± 8.1 ab 2066 ± 3.9 19–21 6 ± 1 a 33.5 ± 1.83 b 4.9 ± 3.4 ab 164 d 14,302 c
G125 (125–150 m2) 137.7 ± 6.3 c 2056 ± 18.5 19–23 11 ± 2 c 19.4 ± 6.79 a 8.0 ± 0.5 c 74 ab 5405 b
G150 (150–250 m2) 173.5 ± 21.6 d 2061 ± 10.6 19–22 7 ± 2 a 34.2 ± 2.3 b 4.8 ± 1.9 ab 77 b 4009 ab

G250 (>250 m2) 330.6 ± 29.6 e 2066 ± 24.9 22–26 10 ± 3 ab 32.9 ± 3.9 b 6.5 ± 0.3 c 49 a 1463 a
G0 (10 m × 10 m) - 2032 ± 5.9 21–24 - - 7.1 ± 1.0 c 141 cd 3533 ab

Notes: Only trees with a height ≥ 15 m and DBH ≥ 10 cm were counted as border trees. Only stems with a
DBH ≤ 5 cm and age < 10 were counted as regenerated individuals. The slope aspect of all gaps was northwest.
Different letters represent a significant difference at p < 0.05.

In this study, the forest gap represents extended forest gaps (Figure 1). An extended
forest gap resembles a polygon enclosed by all border trees, and the center of gravity of
the polygon is used as the center of the gap to establish a coordinate system. The forest
gap size was calculated using the Helen formula because the gaps were almost polygonal.
The total triangular area formed by the center of the gap and the border trees was used for
calculation. The gap size was calculated using Formulas (1) and (2):

A =
√

s(s−a) (s−b) (s−c) (1)

In Formula (1), A is the area of the triangle; s is the half circumference; and a, b, and c
are the lengths of each side.

The area of the forest gap was calculated as follows:

A = A1+A2+A3+ . . . + An (2)
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Figure 1. Sketch of regeneration individual plot distribution within a large, expanded forest gap.

: Gap border trees : Regeneration individual in L. principis-rupprechtii plantations : Acquisition
points for hemispherical photographs. Abbreviations: A, expanded gap: crown projection of border
trees. B, canopy gap: vertical projection of the canopy opening. C = center point of the gap;
N = northern transition; E = eastern transition; S = southern transition; W = western transition;
NE = northeast; SE = southeast; NW = northwest; SW = southwest.

2.3. Data Collection
2.3.1. Soil Bacterial Community

Bulk soil was collected in July 2021 in order to understand the soil bacterial community
composition (i.e., microbiota) and physical–chemical changes that occurred during gap
development. Two composite soil samples were collected from a depth of 0–10 cm in each
gap and closed forests using a 5.0 cm diameter ring cutter soil drill, consisting of a mixture
of non-rhizosphere soil from the points of C, E, S, W, and N using an “X”-shaped collection
scheme and the points of C, NW, SE, NE, and SW, respectively (Figure 1). The soil drill was
disinfected and wiped with ethanol and distilled water in between the samplings.

A total of 150 composite soil samples (25 gaps × 2 composite soil samples × 3 repli-
cates) were collected. Large stones and roots were removed, and the samples were air-dried,
homogenized, and sieved (<2 mm) for a 16S rRNA analysis. All the soil samples were
stored in sterilized plastic bags, placed in coolers filled with dry ice, shipped back to the
laboratory within 3 days, and stored in a cryogenic freezer at –80 ◦C until genomic DNA
extraction.

2.3.2. Gap-Related Microenvironmental Monitoring

The primary variables measured in each gap were as follows: (1) light properties
including canopy openness (CO), relative light intensity (RLA), total solar radiation under
the canopy (Utot), direct solar radiation under the canopy (Udir), diffuse solar radiation
under the canopy (Udif), and leaf area index (LAI); (2) soil physical–chemical characteristics
including soil moisture content (SW), soil temperature (ST), electrical conductivity (EC),
soil organic matter (SOM), available nitrogen (AN), available phosphorus (AP), available
potassium (AK), soil urease activity (URE), soil phosphatase activity (PHO), and soil
invertase activity (INV).

The scale of the forest gaps was estimated using the hemispherical photograph method,
using a digital camera (Canon EOS-1D Mark IV, Canon Inc., Japan) fitted with an EF
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8–15-mm f/4 L USM fisheye lens, on cloudy days during the growing season (Figure 1).
The light properties in each gap and closed forests (e.g., CO, RLA, Utot, Udir, Udif, and
LAI) were calculated using an imaging software (Gap Light Analyzer v.2.0) [2]. ST and
EC were measured using a multi-parameter WET sensor (WET-2, Delta-T Devices Ltd.,
Cambridge, UK) [16]. The ST and EC was tested at each sub-sampling site under each
forest gap, respectively. All composite soil samples were used to determine the soil mois-
ture and soil nutrients. SW was measured gravimetrically by drying the soil at 105 ◦C
for 24 h [17]. SOM content was determined by the potassium dichromate-concentrated
sulfuric acid-dilution heat method [18]. AP was extracted using 0.5 M of NaHCO3 and
determined using the molybdenum blue colorimetric method [19]. AN was measured
using the alkaline permanganate method [20]. URE activity was assessed using the sodium
phenol hypochlorite colorimetric method, with 10% urea solution as a substrate [21]. PHO
activity was measured using the phenyl phosphate sodium colorimetric method. INV
activity was directly measured using the 3,5-dinitro-salicylic acid colorimetric method [22].

2.3.3. DNA Extraction and 16S rRNA Gene Amplicon Sequencing

Total genomic DNA was extracted from the soil samples using the OMEGA Soil DNA
Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA) and stored at −20 ◦C prior to further
analysis. The quantity and quality of the extracted DNA were measured using a NanoDrop
NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel
electrophoresis, respectively.

PCR amplification of the bacterial 16S rRNA genes V3–V4 region was performed using
the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and reverse primer 806R
(5′-GGACTACHVGGGTWTCTAAT-3′). Sample-specific 7-bp barcodes were incorporated
into the primers for multiplex sequencing. The PCR components contained 5 µL of buffer
(5×); 0.25 µL of Fast pfu DNA Polymerase (5 U/µL); 2 µL (2.5 mM) of dNTPs; 1 µL (10 uM)
of each Forward and Reverse primer; 1 µL of DNA Template; and 14.75 µL of ddH2O.
Thermal cycling consisted of initial denaturation at 98 ◦C for 5 min, followed by 25 cycles
consisting of denaturation at 98 ◦C for 30 s, annealing at 53 ◦C for 30 s, and extension at
72 ◦C for 45 s, with a final extension of 5 min at 72 ◦C. PCR amplicons were purified with V
azyme V AHTSTM DNA Clean Beads (V azyme, Nanjing, China) and quantified using the
Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA).

2.4. High-Throughput Analysis

After the individual quantification step, the amplicons were pooled in equal amounts,
and pair-end 2 × 250 bp sequencing was performed using the Illlumina NovaSeq platform
with the NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology
Co., Ltd. (Shanghai, China). Using QIIME2 software (version 2019.4, https://qiime2
.org/, accessed on 1 October 2022), the microbiome bioinformatics of each sample was
performed [23]. The raw sequence data were demultiplexed using the demux plugin,
followed by primers cutting with the cutadapt plugin [24]. Our raw data were uploaded
to NCBI database (serial number: PRJNA792800). The high-quality tag data (clean tags)
were obtained using the DADA2 method when the raw sequences were quality filtered,
denoised, merged, and the chimera removed [25]. Assemblages were clustered at a 100%
similarity level and defined as amplicon sequence variants (ASVs) using DADA2 [26].
The ASVs were taxonomically annotated based on the Greengenes (bacteria) taxonomic
databases [27]. Rarefaction curves were constructed using the number of sequences drawn
and the number of ASVs they represented. The sparsity curve entered a plateau (Figure S1),
indicating that the sequencing depth was sufficient to reflect the actual soil microbiota.

2.5. Statistical Analysis

The Shapiro-Wilk test and Levene’s test were used to assess the normality and chi-
square of the relative abundance of the major taxa of soil bacteria, diversity indices, light
factors, and soil factors. A one-way ANOVA with Tukey’s HSD test (p < 0.05) was performed

https://qiime2.org/
https://qiime2.org/
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for the light factor, soil physicochemical factors, and dominant bacterial phyla, between
different forest gap size classes using SPSS 23.0 (IBM SPSS Statistics, Chicago, IL, USA).

For all sequencing data, bacterial alpha diversity indices were analyzed using QIIME
2 software (version 2019.4). Wilcoxon test and Dunn’s test as a post hoc test was used
to compare different-sized gaps on soil bacterial alpha diversity. The species diversity
inside the single sample was studied using an alpha diversity analysis. The observed
species richness and Chao1 indices of each sample were counted at the 100% similarity
level [28]. A principal coordinate analysis (PCoA) based on Bray–Curtis distances was
performed to compare differences in bacterial communities between samples through the
“vegan” package of the R language (version 4.2.0, http://www.R-project.org/, accessed
on 5 October 2022) software. Subsequently, an analysis of similarity (ANOSIM) and a
non-parametric multivariate analysis of variance (PERMANOVA) were used to compare
the similarity of bacterial communities among different forest gap sizes.

A co-occurrence network analysis was performed using Spar CC. The pseudocount
value in Spar CC was set to 10−6. The R package “RM Threshold” was used to determine
the cutoff of correlation coefficients as 70 based on random matrix theory. Additionally, the
average degree (AD), the negative and positive connection proportions (N/P cohesion),
the number of modules (No. Modules), and the modularity were calculated to predict the
co-occurrence network complexity (the higher of them indicates a more complex microbial
network) [29–34]. The network was visualized using Gephi (version 0.9.2 for Mac OS X).

A redundancy analysis of forest gap factor, light factor, and soil factor with bacterial
communities was performed using the CANOCO 5.0 software package. We further iden-
tified gap-related micro-environmental factors significantly associated with community
composition using the Mantal test based on Bray–Curtis similarity distance, with 999 Monte
Carlo tests [27]. The environmental factors were divided into four categories: gap size,
light properties, soil physicochemical characteristics, and regeneration factors (regeneration
density, average diameter at breast height of regeneration individuals, average height of
regeneration individuals). All these data were square root varied to ensure that the variance
was homogeneous prior to the statistical analysis.

Based on the RDA, structural equation models were developed for all factors that
contributed more than 10% and were highly correlated. Factors that did not have a
significant effect on the bacterial community were removed according to the model fitting
criteria. All parameters of the fit index between the model and the sample data satisfied the
minimum fitting criterion. The chi-square-to-degrees of freedom (Chi/DF) ratio was <5,
the p-value was >0.05, and the root mean squared error of approximation (RMSEA < 0.05)
was within the desired range. In the baseline comparison, the goodness-of-fit index (GFI),
normed fit index (NFI), relative fit index (RFI), incremental fit index (IFI), nonconstant
fit index (TLI), and comparative fit index (CFI) were considered “best” within the range
of 0.9–1.0 [35]. Therefore, conclusions drawn from the modified model were considered
reasonable. The standardized path coefficients (Std. PCs) were calculated, and the effects
of gap size on the soil bacterial communities were determined. The Amos Graphics 24
software (IBM/International Business Machines Corporation, Armonk, NY, USA) was
used to perform structural equation modeling (SEM) to examine the relationship between
multiple dependent and independent variables.

3. Results
3.1. Light Properties of Forest Gaps

The light properties of forest gaps are shown in Table 2. Significant differences were
detected among the light characteristics (including CO, Utot, Udir, Udif, RLA) under forest
gaps (p < 0.05), with the exception of LAI. The CO, Utot, Udir, Udif, RLA, and LAI were
significantly different between forest gaps (G50, G70, G100, G125, G150, G250) and closed
forests (G0). In the G50, G70, G100, G125 groups, the CO, Utot, Udir, Udif, and RLA
gradually increased with the increase in gap size.

http://www.R-project.org/
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Table 2. Light properties of forest gaps and closed forests (Data are mean ± standard deviation
(n = 25)).

Group CO (%) Utot (W/m2) Udir (W/m2) Udif (W/m2) LAI RLA (%)

G0 22.45 ± 2.69 a 3.19 ± 0.66 a 2.9 ± 0.57 a 6.1 ± 1.35 a 2.30 ± 0.09 a 19.68 ± 3.86 a
G50 43.16 ± 2.32 b 5.79 ± 0.57 b 8.22 ± 0.49 b 14.01 ± 1.17 bc 1.01 ± 0.07 b 47.98 ± 3.34 b
G70 48.54 ± 2.33 bc 7.41 ± 0.54 bc 8.92 ± 0.48 bc 16.34 ± 1.16 bcd 0.79 ± 0.07 bc 57.5 ± 3.3 bc

G100 52.01 ± 2.69 c 7.59 ± 0.57 bc 9.64 ± 0.49 bc 17.24 ± 1.17 cd 0.71 ± 0.06 cd 60.62 ± 3.1 c
G125 51.55 ± 2.33 c 8.01 ± 0.53 c 10.13 ± 0.49 cd 18.15 ± 1.16 d 0.66 ± 0.09 cd 63.49 ± 3.2 c
G150 48.19 ± 2.69 bc 6.68 ± 0.65 bc 10.31 ± 0.57 cd 13.27 ± 1.35 b 0.81 ± 0.08 bc 55.21 ± 3.86 bc
G250 62.16 ± 2.69 d 7.66 ± 0.68 bc 11.56 ± 0.57 d 19.21 ± 1.35 d 0.47 ± 0.08 d 74.36 ± 3.8 d

p value 0.005 ** 0.02 * 0.024 * 0.037 * 0.078 0.026 *

Note: CO: canopy openness, Utot: total solar radiation under the canopy, Udir: direct solar radiation under the
canopy, Udif: diffuse solar radiation under the canopy, LAI: leaf area index, RLA: relative light intensity. Different
letters represent a significant difference at p < 0.05. Significant codes “**” indicate the p value < 0.01, “*” indicates
the p value < 0.05.

3.2. Soil Physicochemical Properties of Forest Gaps

The nonparametric tests showed that the significant differences were detected among
the soil physicochemical properties, including SW, SOM, AK, PHO, and INV (p < 0.05)
among the forest gaps and closed gaps, with the exception of ST, EC, AN, AP, and URE
(Table 3). Soil SW, ST, EC, AN, PHO, and INV in the G250 group were the highest among
all forest gaps. Soil AN favored an increase with the increase in forest gap size. In the G50,
G70, G100, and G125 groups, soil enzyme activities (including PHO, URE, and INV) and
SOM gradually increased with the increase in gap size. The soil SW, EC, SOM, AK, and soil
enzyme activities (including PHO, URE, and INV) were lowest in the G150 group.

Table 3. Soil physicochemical properties of forest gaps and closed forests (Data are mean ± standard
deviation (n = 25)).

Group SW (%) ST (◦C) EC (mS/m) SOM (g/kg) AN (mg/kg) AP (mg/kg) AK (mg/kg) PHO (mg) URE (mg) INV (mg)

G0 13.95 ± 1.39
ab

17.06 ± 0.98
a

69.15 ± 4.76
ab

18.66 ± 1.23
ab

60.9 ± 11.63
a

5.13 ± 0.38
a

138.24 ± 36.65
ab

29.59 ± 9.71
a

151.41 ± 35.03
ab

2.93 ± 0.74
a

G50 13.78 ± 1.2
ab

17.73 ± 0.85
a

82.12 ± 4.12
bc

19.89 ± 1.19
ab

59.85 ± 10.07
a

4.93 ± 0.33
a

106.51 ± 31.74
a

27.12 ± 8.41
a

110.77 ± 32.94
ab

2.36 ± 0.64
a

G70 14.86 ± 1.3
ab

17.41 ± 0.81
a

76.29 ± 4.03
abc

22.12 ± 1.03
bc

60.55 ± 10.01
a

5.09 ± 0.31
a

138.36 ± 31.62
ab

26.44 ± 8.44
a

124.12 ± 29.65
ab

2.96 ± 0.64
a

G100 16.12 ± 1.22
bc 17.24 ± 0.8 a 75.31 ± 4.09

abc
24.46 ± 1.16

c 69.3 ± 9.06 a 5.11 ± 0.33
a

147.7 ± 31.74
ab 34.11 ± 8.6 a 151.26 ± 30.87

ab
2.26 ± 0.63

a
G125 12.47 ± 1.17

ab
16.48 ± 0.86

a
76.34 ± 4.23

abc
20.66 ± 1.07

b
76.65 ± 10.03

ab
5.63 ± 0.34

a
244.16 ± 30.28

b
43.88 ± 9.03

a
194.34 ± 38.22

b
2.75 ± 0.52

a
G150 11.66 ± 1.39

a
17.18 ± 0.98

a 66.5 ± 4.76 a 16.47 ± 1.37
a

85.87 ± 11.63
ab

5.43 ± 0.39
a

84.79 ± 26.65
a 23.16 ± 9.7 a 87.27 ± 28.42

a
2.35 ± 0.73

a
G250 18.55 ± 1.4 c 18.9 ± 0.99 a 84.47 ± 4.86

c
18.12 ± 1.21

ab
104.3 ± 11.51

b
4.75 ± 0.41

a
148.16 ± 36.65

ab
71.28 ± 9.73

b
133.72 ± 22.41

ab
5.05 ± 0.74

b
p value 0.002 ** 0.695 0.101 0.016 * 0.064 0.661 0.037 * 0.004 ** 0.283 0.031 *

Note: SW: soil moisture content, ST: soil temperature, EC: electrical conductivity, SOM: soil organic matter, AN:
available nitrogen, AP: available phosphorus, AK: available potassium, URE: soil urease activity, PHO: soil
phosphatase activity, and INV: soil invertase activity. Different letters represent a significant difference at p < 0.05.
Significant codes “**” indicate the p value < 0.01, “*” indicates the p value < 0.05.

3.3. The Composition of Soil Bacterial Communities in Forest Gaps

A total of 1,740,200 sequences were divided into 72,987 ASVs, which included 1119 gen-
era, 525 families, and 41 phyla. The dominant bacterial community in soil was mainly
affiliated with Proteobacteria (29.73%), Actinobacteria (21.36%), Acidobacteria (18.89%),
and Chloroflexi (13.76%) (relative abundance > 10%) (Figure 2). Overall, there were no
significant differences at the phylum level in soil bacteria among different-sized forest gaps.
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Figure 2. Phylum distribution of soil bacteria in different-sized forest gaps.

3.4. Soil Bacterial Community Diversity in Forest Gaps

Significant differences were detected in the Shannon, Chao1, observed species richness,
and Faith PD indices in the soil bacterial community among different-sized forest gaps
(p < 0.05), which initially increased and subsequently decreased with the increasing gap
size. The highest Shannon, Chao1, observed species richness, and Faith PD indices were
found in the G100 group (Figure 3a). The Venn diagram indicated that the G100 group
contained more unique ASVs (8827), as compared with other groups (Figure S2). Based
on weighted UniFrac distance, PCoA revealed 25.6% variation along the first axis and
13.7% variation along the second axis. The results are shown in Figure 3b and Table S1. All
the samples were clustered, and compositional differences were evident among different
groups (ANOSIM R = 0.173, p < 0.001; ADONIS R2 = 0.195, p < 0.001), which indicated that
the grouping was reasonable.

Figure 3. Diversity of soil bacteria between different forest gap sizes. (a) Alpha diversity of soil
bacteria among different-sized forest gaps; (b) PCoA based on weighted UniFrac distance among
different-sized forest gaps.

3.5. Co-Occurrence Network Structure of Soil Bacterial Community in Forest Gaps

Soil bacterial co-occurrence networks were constructed for seven gap size classes
(Figure 4 and Table S2). Differences in the network structure complexity of soil bacterial com-
munities were observed among different-sized gaps, and the trend of the network average
degree (AD) of the symbiotic network was G0 < G100 < G70 < G150 < G125 < G50 < G250
group. The trend of negatively correlated connections proportions (N/P cohesion) was
G0 < G250 < G150 < G125 < G100 < G50 < G70 group. The G0 group had the highest aver-
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age path distance (APL) and modularity degree and the lowest AD and N/P cohesion. The
G250 group had the highest AD, density, and average clustering coefficient (ACC) and the
lowest APL and N/P cohesion. The trend of modularity degree was G125 < G50 < G250 <
G100 < G70 < G150 < G0 group. In the G0 group, one module accounted for more than 20%
of the overall network, including Module1 (20.2%). Among the G50 group, two modules
accounted for more than 20% of the overall network, including Module 3 (30%) and Module
2 (25%). Module 4 (22%) and Module 2 (20%) became the main modules in the G70 group
network. In the G100 and G125 groups, one module accounted for more than 20% of the
overall network, including Module 5 (20%) and Module 3 (23%), respectively. The G150
group contained eight modules in the network, but none of the modules accounted for
more than 20%. However, the G250 group contained only four modules in total, including
Module 1 (30.61%), Module 2 (25.51%), Module 3 (23.47%), and Module 4 (20.41%). The
above indicated that the co-occurrence network of soil bacteria in forest gaps had significant
variation.

Figure 4. The co-occurrence networks of soil bacterial modularity in different-sized forest gaps.

3.6. Correlation between Gap-Related Microenvironmental Factors and Soil Bacterial Community
Composition and Network Structure

The results of the redundancy analysis showed that the first two axes explained 42.03%
of the variation in the bacterial community. Soil AP, ATH, LAI, and Utot were the main
environmental factors affecting the soil bacterial community composition under forest
gaps (p < 0.05) (Table S3). Soil AP was the most critical factor driving bacterial community
variation under the forest gap (Figure 5a).

It can be seen from Table S4 that gap size, ReD, LAI, RLA, and ATH were significantly
correlated with the soil bacterial diversity and network structure (p < 0.05), whose contri-
bution rates reached 32.82% and 21.60%, respectively. Gap size, LAI, RLA, and ReD were
the main environmental factors that influenced the soil bacterial community diversity and
co-occurrence network structure (p < 0.05) (Figure 5b).
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Figure 5. (a) Constrained ordination analysis of bacterial community composition with gap-related
microenvironmental factors; (b) constrained ordination analysis of bacterial community diversity,
and network structure with gap-related microenvironmental factors. Notes: (a) the relationships
between gap-related microenvironmental factors (red arrows) and dominant phyla (blue arrows);
(b) the relationships between gap-related microenvironmental factors (red arrows) and alpha di-
versity indices and network topological characteristics indices (blue arrows). Note: AD, average
degree; N/P cohesion, negative and positive connection proportions; No. modules, number of
modules; Shan., Shannon index; Obs., number of observed species; ReD, regeneration density; ADBH,
average diameter at breast height of regeneration individuals; ATH, average height of regeneration
individuals.

3.7. Linkages of Soil Bacterial Composition and Co-Occurrence Network Complexity to Forest
Gap Sizes

Based on the results of RDA, the structure equation model was performed for all
factors that had a contribution rate greater than 10% and were significantly related. Factors
that did not have a significant effect on the bacterial community were removed according
to the model-fitting criteria. The model was then corrected several times. Finally, all
parameters of the fit index between the model and the sample data satisfied the minimum
fitting criterion (Table S5).

The forest gap size negatively impacted on the soil bacterial community composi-
tion and significantly positively impacted on the soil bacterial community co-occurrence
network complexity. Their Std. PCs were −0.37 and 0.67, respectively. Studying the
relationship between observed and latent variables should help to identify some easily
adjustable drivers that control the development of forest gaps-soil bacteria. For indicators
of bacterial composition, the correct models showed that the Chao1 index and observed
species richness were the most significant, with path coefficients of 0.96 and 0.99, respec-
tively. For indicators of bacterial network structure, N/P cohesion was the most significant,
with path coefficients of 0.98. Meanwhile, the CO, RLA, and LAI were the most signif-
icant observed variables for indicators of light properties, with path coefficients of 0.97,
0.99, and −0.93, respectively. These light factors in forest gaps were significantly and
positively correlated on the composition of bacterial communities, with total effects of
0.45. In contrast, soil nutrients were highly significantly negatively correlated with the
complexity of the bacterial co-occurrence network, with total effects of −0.76. Forest gap
size significantly reduced regeneration density in the stand, with path coefficients of −0.56.
However, regeneration density was highly significantly and positively correlated with soil
bacterial community complexity, with path coefficients of 0.87 (Figure 6).
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Figure 6. A structural equation model was established to explore the significant effects of gap size;
soil physicochemical index (SW, PHO, AP); light properties (RLA, CO, LAI); soil bacteria composition
(first axis of principal coordinate analysis, Shannon, observed species richness, and Chao1 indices);
network complexity (Modularity, AD, N/P cohesion); and tree regeneration (regeneration density).
Significant codes “***” indicate the p value < 0.001, “*” indicates the p value < 0.05.

In summary, the light factor under the forest gaps was the most significant factor
influencing soil bacterial community composition, followed by the size of the forest gap.
Among them, CO and RLA were considered to be the most important factors affecting
soil bacterial community composition. The regeneration density under the forest gap
was the most significant factor affecting the complexity of the soil bacterial community
co-occurrence network, followed by soil nutrients (SW, PHO, and AP).

4. Discussion
4.1. Gap-Related Microenvironments

In this study, we found that light properties varied significantly among forest gaps and
closed forests. Gap formation increased the light characteristics, including CO, RLA, Utot,
Udir, and Udif, while LAI showed the opposite trend with the above light indicators. The
increase in total leaf area reduced the amount of solar radiation reaching the ground. Light
properties, including CO, RLA, Udir, and Udif, were lowest in the G0 group, indicating
that the closed forests lead to the lowest light radiation intensity. The G250 group, which
represented the maturity stage of the forest gap or a large disruption of the forest canopy,
revealed the most intensive light properties. Therefore, the light properties—except for
LAI in the G250 group—were highest in all groups. The formation of forest gaps leads to
an increase in light, causing an increase in soil moisture and temperature, which in turn
affects soil nutrient content through decomposition and mineralization processes [2,36–38].

Except for soil AP and URE, soil AK, AN, PHO, and INV showed an increasing trend
with the increase in gap size. Among them, soil AK, PHO, and INV varied significantly
among forest gaps and closed forests. Soil nutrients, including AK, SOM, PHO, URE, and
INV in the G150 group, were the lowest among all groups, indicating that 150–250 m2

of forest canopy disturbance leads to the lowest soil nutrients. G250, which represented
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the maturity stage of a gap or a large disruption of the forest canopy, revealed the most
intensive soil nutrients. Soil AN, AK, PHO, and INV in the G250 group were higher than the
other groups, which was closely related to the increase in soil moisture, temperature, and
electrical conductivity in the G250 group. Soil bacteria require suitable soil properties for
growth, and changes in soil properties can affect soil bacterial communities [19,20]. Forest
gaps may influence the soil bacterial community diversity and co-occurrence network
structure due to changes in their light properties and soil physical–chemical characteristics.

4.2. Effects of Gap-Related Microenvironments on Soil Bacterial Composition and Co-Occurrence
Network Structure

Gap-related microenvironments have different effects on soil bacterial composition.
CO and RLA were found to be the main environmental factors that promoted changes in
the relative abundance of bacterial phyla. Being the dominant soil bacteria of L. principis-
rupprechtii plantations, Proteobacteria, Actinobacteria, Acidobacteria, and Chloroflexi can
be used to predict the indicator’s status [39]. Acidobacteria is an eosinophilic bacterium that
is widely distributed in various environments [40]. The increase in CO, soil AP, and ReD
had a positive effect on the relative abundance of Acidobacteria, whereas increasing ST and
LAI had a negative effect. A higher abundance of Proteobacteria in the soil can promote
the cycling of essential soil nutrients, thereby enhancing soil fertility and sustainable
use [20,41,42]. In this study, Proteobacteria is an eosinophilic bacterium that grows well in
L. principis-rupprechtii plantations. The relative abundance of Proteobacteria was highest in
the G250 group. The RDA analysis showed that the increased gap size, soil SW, INV, and
EC had positive effects on the relative abundance of Proteobacteria, which suggested that
the increased gap size, soil SW, INV, and EC could improve its relative abundance.

In addition, CO and RLA were found to be the main environmental factors that pro-
moted changes in the diversity of soil bacteria. The formation of forest gaps increased solar
radiation, which contributed to the soil bacteria diversity and network complexity [40,41].
If G50 was considered to be an initial stage of gap opening in L. principis-rupprechtii planta-
tions, the bacterial Shannon and Chao1 indices should have been higher than closed forests
due to the recent disturbance [42]. Soil bacterial richness increased and then decreased
along with the gap area, and the lowest richness was found in the G0 group. This was
probably due to decreased light and soil nutrient input under the closed forests. The reduc-
tion in light and soil nutrients leads to a reduction in complex kinds of bacterial substrates,
which is detrimental to the composition and metabolism of microorganisms [2,22,23,43–45].
The maximum values of the Shannon, observed species richness, Chao1, and Faith pd
indices were obtained in the G100 group, indicating that soil bacteria in the G100 group
had the highest overall diversity and richness.

Gap size and soil nutrients, including SW, PHO, and AP, were significantly correlated
with the complexity of soil bacterial community, with both having opposite effects. How-
ever, higher bacterial diversity and network complexity were observed in the G250 group,
which possessed the higher abundance of bacterial phyla, mainly including Proteobacteria
and Actinobacteria. However, such a bacterial community is monolithic. The relative
abundance of other major phyla, including Acidobacteria, Chloroflexi, Rokubacteria, and
Gemmatimonadetes, decreased significantly in the G250 group, resulting in a decrease in
the richness of bacterial communities and a consequent decrease in the potential compe-
tition among them. In addition, as the most significant factor affecting the soil bacteria
complexity, soil AP was the lowest in the G250 gap size gradient. This is consistent with
the minimum number of network modules in the G250 group for our study and may also
be related to the decrease in vegetation regeneration. Thus, the G250 gap size gradient rep-
resents a considerable disturbance or long-term blanket phenotype in L. principis-rupprechtii
plantations in northern China. The soil microbiota may have reached a steady state due to
the redistribution of light intensity and other biotic and abiotic factors [4,6,46,47]. In con-
trast, the G70 and G100 groups were in a state of substantial disequilibrium due to suitable
light intensity, moisture and temperature, and soil nutrient content, which imported more
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substrate for soil bacteria and provided continuous succession and competitive exclusion
among soil microorganisms [20,48–50]. We suggest that changes in bacterial composition
under forest gaps are also related, to some extent, to vegetation regeneration.

However, the soil nutrients, including AN, PHO, and INV, that were highly positively
related to gap size also had negative impacts on bacteria complexity in our study. Soil
nitrogen can drive the diversity of bacterial communities through intentional specific
selection for copiotroph or oligotrophic bacteria [11,16,17]. Alternatively, the high levels
of soil nitrogen can acidify the soil and consequently decrease the soil bacteria richness
and potential competition among soil bacterial communities, thus, increasing system
stability and limiting the growth of soil microorganisms to resist unfavorable environmental
conditions [51–55]. Soil enzymes play a crucial role in the nutrient cycling of forest soils
and are closely related to soil microbial metabolism and soil function [10]. The RDA result
in our study demonstrated that the activity of PHO—an important extracellular enzyme—
and INV were significantly positively correlated with the gap size and complexity of soil
bacterial communities and negatively related to the number of network modules and
modularity degree for soil bacteria. In addition, an increase in the activity of PHO and
INV significantly improved soil soluble nitrogen levels and soil moisture. The above
would be beneficial to the mineralization of both N and P, which in turn, further catalyze
the hydrolysis of orthophosphate from organic molecules and plant absorption [56,57].
Bacterial growth is dependent on nutrient availability. Increased bacterial abundance
increases nutrient consumption, and the release of ions from decomposition increases EC
in the soil [58]. Therefore, the highest SW, EC, AN, PHO, and INV contents in the G250
group instead reduced the community complexity.

4.3. Effects of Regeneration in L. principis-rupprechtii Plantations on the Soil Bacterial
Communities under Forest Gaps

Forest gaps play an essential role in tree growth and promote tree regeneration at
a certain size level [2,3]. Tree regeneration is an important indicator when studying the
sustainability of forest development, which could affect the bacteria living in the soil [5];
therefore, it is very important to understand how soil bacteria composition and network
structure are shaped by tree regeneration in L. principis-rupprechtii plantations. Our study
showed that regeneration density under forest gaps positively affects the composition
and network complexity of soil bacterial communities. Further, the effect of regeneration
density on bacterial network complexity was more significant than the bacteria composition.
The natural regeneration density under forest gaps was the most significantly positive
factor influencing the complexity of the soil bacterial community co-occurrence network,
followed by soil nutrients, which verified our third hypothesis. This is attributed to
vegetation regeneration promoting resource input and providing additional substrate for
bacteria in soil [34], which led to an increase in bacterial community diversity and a more
complex community structure. Tree regeneration in L. principis-rupprechtii plantations had
a positive effect on the presence of the dominant microbial phyla, except for Actinobacteria.
According to our results, tree regeneration density was greatest under the G50, G70, and
G100 forest gap size classes compared to the others, including the G0, G125, G150, and
G250 groups. Meanwhile, the bacteria richness and N/P cohesion were higher under the
G50, G70, and G100 forest gap size classes than the G0, G125, and G150 groups. The micro-
environments of the G50, G70, and G100 forest gap size classes provided more substrate for
soil bacteria to compete for resources, which in turn, promoted tree regeneration [32,59].

5. Conclusions

In this study, the gap-related microenvironments (including gap size, canopy open-
ness, relative light intensity, and soil phosphatase activity) were highest in the G250 gap
size gradient, followed by the G100 and G125 classes, and lowest in G0 (closed forests).
The tree regeneration density in the G50 gradient was the highest, followed by G70, G100,
and the lowest in G250. The dominant bacterial phyla in the soil were the Proteobacteria,
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Actinobacteria, Acidobacteria, and Chloroflexi. Forest gaps govern the composition and
co-occurrence network structure of soil bacterial communities by regulating the gap-related
microenvironment, including light properties and soil physicochemical characteristics.
Meanwhile, the regeneration density under forest gaps positively affects the composition
and network complexity of soil bacterial communities. The soil physical–chemical proper-
ties and bacteria diversity in G0 and G150 gap size classes were relatively low, and thus,
influenced its soil function, leading to lower tree regeneration in the G150 groups. G250
may require increased canopy coverage to promote soil quality and bacteria diversity and
complexity.
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(PERMANOVA) based on weighted UniFrac distance at different gap size levels; Table S2: Topological
characteristics of co-occurrence networks of soil bacteria community in forest gaps and closed forests;
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