
Citation: Chen, S.; Jiang, C.; Bai, Y.;

Wang, H.; Jiang, C.; Huang, K.; Guo,

L.; Zeng, S.; Wang, S. Effects of Forest

Gap on Soil Microbial Communities

in an Evergreen Broad-Leaved

Secondary Forest. Forests 2022, 13,

2015. https://doi.org/10.3390/

f13122015

Academic Editor: Bartosz

Adamczyk

Received: 21 September 2022

Accepted: 28 November 2022

Published: 29 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Effects of Forest Gap on Soil Microbial Communities in an
Evergreen Broad-Leaved Secondary Forest
Shiyou Chen 1, Chunqian Jiang 1,*, Yanfeng Bai 1 , Hui Wang 1, Chunwu Jiang 2, Ke Huang 3, Lina Guo 1,
Suping Zeng 1 and Shuren Wang 1

1 Research Institute of Forestry, Chinese Academy of Forestry, Beijing 100091, China
2 Anhui Academy of Forestry, Hefei 230031, China
3 Huitong Experimental Station of Forest Ecology, CAS Key Laboratory of Forest Ecology and Management,

Institute of Applied Ecology, Shenyang 110016, China
* Correspondence: jiangchq@caf.ac.cn

Abstract: Forest gaps play a crucial role in community succession and assembly in forest ecosystems;
therefore, they have recently been recognized and implemented as effective forest management
practice all over the world. Forest gaps are commonly created as small disturbances in secondary
forests to improve forest regeneration, nutrient cycling, ecosystem functioning, and biodiversity.
The objective of this study was to investigate the responses of the physico-chemical and biological
properties and microbial communities in soil to different sizes of forest gaps—including small gaps
(60–80 m2), medium gaps (130–160 m2), and large gaps (270–300 m2)—and to examine the driving
factors that influence soil microbial community structure and composition. The results show that
Gram-positive bacteria, Gram-negative bacteria, fungi, arbuscular mycorrhizal fungi (AMF), and
actinomycetes were mainly aggregated in the gaps, and the structural diversity of soil microbial
communities was related to the gap size (p < 0.05). The soil microbial community diversity increased
and then decreased with an increase in gap size. Moreover, the effects of the available phosphorus,
soil pH, soil water content, available potassium, nitrate nitrogen and ammonium nitrogen on changes
in microbial biomass were significant (p < 0.05). The gap area and gap position and their combined
interactions also had significant effects on soil nutrients, which impacts the soil microbial commu-
nity. Medium gaps (130–160 m2) always significantly improved the availability of soil nutrients,
and good management practices in secondary forests can provide effective microenvironments for
soil microbes.

Keywords: gap size; soil microbe; soil chemical property; forest management; PLFA analysis;
spatial distribution

1. Introduction

Forest gaps are important places for plant and soil community succession and assem-
bly, which play a crucial role in forest ecology [1]. In forest ecosystems, human activities
(e.g., cutting and thinning) and natural disasters accelerate the formation of forest gaps,
creating a heterogeneous environment for plants, animals, and soil microorganisms to
grow [2–4]. The artificial creation of forest gaps as an effective forest management practice
has recently been recognized and is increasingly implemented all over the world. Artifi-
cial gaps play an important role in changing the structure of forest stands and renewing
forests [3]. For example, the felling of trees to create forest gaps is considered a sustainable
practice, accelerating seedling height growth for indigenous trees or accelerating forest
restoration within exotic Pinus radiata plantations [5–7]. Gap size is an important feature,
reflecting the magnitude of disturbance and degree of environmental change [8,9]. Environ-
mental factors, such as temperature, solar radiation, and moisture, are all strongly affected
by the size of the forest gaps [6,10]. Moreover, microclimatic changes induced by forest
gaps significantly influence local biogeochemical cycling [11,12].
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Forest soil responds dramatically to microclimatic changes caused by forest gaps
because nutrients are actively recycled and many soil fauna or microorganisms live in
the soil [13]. Previous studies concentrated on carbon, nitrogen, and phosphorus cycles
and the release of nutrients from the surface soil at sites with different-sized gaps [14–16].
Some studies reported distinctly different soil organic matter decomposition and nutrient
release at sites with gaps compared to sites with closed canopies, as well as varying rates of
humification at sites with different-sized gaps [17–19]. Compared to undisturbed closed
forests, the amount of labile carbon reduced, and the rate of soil respiration slowed as the
gap size increased. At the same time, soil nitrogen and phosphorus fractions appeared to
increase due to the gaps [15,20–22].

The soil microbial community is one of the most important components of the forest
ecosystem and plays an important role in aboveground and underground biological pro-
cesses related to carbon, nitrogen, and phosphorus cycles and nutrient release [23–25]. The
soil microbial community quickly reacts to the development of forest gap vegetation and
the changes in environmental conditions [26–28]. The effects of forest gaps on soil microbial
communities are poorly understood due to their relative complexity. The formation of
forest gaps may improve understory vegetation and change soil microclimates, which
may be beneficial for microbial communities [29,30]. However, this may sometimes have
a negative impact on microorganisms [31,32]. Several studies reported that the gap sizes
dramatically affect soil microbial biomass and the soil microbial community [27,28]. It has
been observed that small gaps enhance soil beta-glucosidase and L-leucineaminopeptidase,
microbial biomass, and enzyme activity, indicating the beneficial impact of small gaps
(40–50 m2) on microbial communities [33]. Soil microbial biomass and soil respiration
decreased with the increased size of gaps [34]. Moreover, gap location is another important
factor affecting soil microbial communities [35]. It was observed that the beta diversity
of the fungal community increased from the gap center to the closed canopy [36]. Gap
locations had a positive effect on bacterial population abundance [2,33].

Evergreen broad-leaved forests are a zonal type of vegetation found in subtropical
areas [36,37] and are crucial for climate regulation, biodiversity protection, and soil and
water conservation [36,38]. Many evergreen broad-leaved forests were recently destroyed,
and thus a larger area of evergreen broad-leaved secondary forests formed over time.
Evergreen broad-leaved secondary forests generally have low-efficiency forest sand. How
to manage evergreen broad-leaved secondary forests is a great international challenge.
Previous studies on forest gaps mainly focused on the impact of the physical and chem-
ical properties of soil, including the growth of seedlings under evergreen broad-leaved
secondary forests [33,39,40]. However, few studies reported the effects of forest gaps on the
soil microbial community structure in evergreen broad-leaved secondary forests. The main
objective of the present study was to examine how soil microbial communities respond to
the formation of forest gaps with different sizes in the short term. We hypothesized that,
(1) due to an improved light environment and hydrothermal condition in the evergreen
broad-leaved secondary forest, soil properties would react differently in the sites with forest
gaps and in the understory, and (2) the microbial community structure shift would have a
strong relationship with changes in soil chemical properties caused by different-sized gaps.

2. Materials and Methods
2.1. Site Description

This study was conducted at Huitong Forest Ecological Experimental Station of Chi-
nese Academy of Sciences in Huaihua City, Hunan Province (109◦30′ E, 26◦48′ N) (Figure 1).
The study areas were located in low mountains and hilly landforms with an approximate
altitude range of 200~500 m [41]. The study area has a typical subtropical, warm, humid,
monsoon climate with an average annual temperature of 16.5 ◦C, an extreme maximum tem-
perature of 36.4 ◦C, and minimum temperature of−4.4 ◦C, respectively. The average annual
rainfall was 1200–1400 mm, and the average annual relative humidity exceeded 80% [42].
Red–yellow soil is a typical soil type in this study area, and was equal to alliti-udic ferrosols
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according to the World Reference Base for Soil Resources [43]. Evergreen broad-leaved
secondary forests developed due to artificial disturbances of the original evergreen broad-
leaved forest after more than 30 years of natural succession. The dominant tree species
are mainly from the following families and genera: Lauraceae, Fagaceae, Hamamelisaceae,
Luteaceae cyclobalanopsis, Castanopsis, Machilus, Liquidambar, etc. The common tree species
are Castanopsis hystrix, Cyclobalanopsis glauca, and Machilus pauhoi, and other species are
present in typical subtropical evergreen broadleaved secondary forests (the pioneering
community that originates after secondary succession of human disturbance).
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Figure 1. Study area showing location of the sample plots in an evergreen broad-leaved secondary
forest of China.

2.2. Experimental Design

Study plots with a similar topography, elevation, slope, aspect, and soil type were
established in a middle-age evergreen broad-leaved secondary forest, which had an average
tree height of 12 m and stand density of 3200 trees /hm2. Canopy density was about 0.9,
and grass coverage was 25%. The red–yellow soil is the typical soil type in this study area.
Forest gap sizes were defined using the ratios of D/H (D means gap diameter; H means
stand height) [44,45]. In this study, three types of nearly circular forest gaps were created
by artificial cutting, including (1) small-size forest gaps with a D/H ratio of 0.3 and an area
of 60–80 m2, (2) medium-size forest gaps with a D/H ratio of 1.3 and an area of 130–160 m2,
and (3) large size forest gaps with a D/H ratio of 2.3 and an area of 270–300 m2. Each
type of forest gap (small-, medium-, or large) had three replications, with nine individual
forest gaps in total (G1–G9), which were arranged in the forest using the randomized
complete-block design.). In addition, three control plots (10 m × 10 m) under the ambient
closed canopy were established as controls. In this study, nine individual forest gaps and
three control plots were used (Table 1). After the creation of the forest gaps, we artificially
removed branches, trunks, and other residue, which remained untreated.
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Table 1. General information of the forest gaps and control plots (understory) in this study.

Forest Gap D/H Area/m2 Slope Direction Geographic Position Formation

G1 0.3 60 East 109◦36′6′′ E 26◦51′11′′ N Cutting
G2 1.3 130 Northeast 109◦36′8′′ E 26◦51′13′′ N Cutting
G3 2.3 270 East 109◦36′7′′ E 26◦51′09′′ N Cutting
G4 0.3 73 Southeast 109◦36′9′′ E 26◦51′12′′ N Cutting
G5 1.3 149 Southeast 109◦36′9′′ E 26◦51′07′′ N Cutting
G6 2.3 286 Northeast 109◦36′10′′ E 26◦47′10′′ N Cutting
G7 0.3 80 East 109◦36′10′′ E 26◦50′15′′ N Cutting
G8 1.3 160 Northeast 109◦36′11′′ E 26◦52′14′′ N Cutting
G9 2.3 300 East 109◦36′15′′ E 26◦51′14′′ N Cutting

Understory — 100 Southeast 109◦36′16′′ E 26◦49′14′′ N Natural
Understory — 100 Northeast 109◦36′18′′ E 26◦46′14′′ N Natural
Understory — 100 East 109◦36′17′′ E 26◦50′14′′ N Natural

Notes: D/H represents the ratios of gap diameter to stand height; G1, G4, and G7, represent small gaps; G2, G5,
and G8 represent medium gaps; and G3, G6, and G9 represent large gaps.

Soil samples were collected from a depth of 0–10 cm at different sampling locations
(the center to the understory) within each of the three different-sized gaps in October 2019.
In each location, four soil cores were selected by the “Circular sampling” method and
dug to a depth of 10 cm by a stainless-steel cylindrical driller with a diameter of 5 cm
(Figure 2). The composite soil samples were used to test soil physico-chemical properties.
There are three repetitions for each location because three same-size gaps were formed. A
total of 39 soil samples were collected, including the control sample. They were kept at
4 ◦C, transported to the laboratory, and passed through a 2 mm mesh sieve before analyses.
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2.3. Analysis Methods
2.3.1. Basic Chemical Properties of Soil

The soil pH was measured in air-dried <2 mm sieved soil with a glass electrode
in a soil:water suspension (1:5) with 0.2 M KCl to determine the characteristics of the
sorption complex. The total C (TC) contents were determined using an elemental analyzer
(Vario Macro cube, Elementar, Germany). The total nitrogen (TN) was assayed by the
Kjeldahl method and analyzed on a Kjeltec Analyzer Unit (Kjeltec 2300, FOSS, Denmark).
The total P was determined using the molybdenum colorimetric method. We assayed
alkaline available nitrogen (AN), available phosphorus (AP), and available potassium by
extracting air-dried soils (Institute of Soil Science, Chinese Academy of Sciences 1978). The
determination of AP and available potassium were analyzed on an ICP (AA-7000, Kleve,
Germany). Ammonium and nitrate were extracted from fresh soil samples by shaking for
1 h with 1 mol L−1 KCl (soil: solution ratio of 1:10). The extracts were filtered, and then,
the analytes were determined using a continuous-flow analyzer (AA3, SEAL, Germany).
For the determination of soil-available potassium, air-dried soil samples were extracted by
shaking for 30 min with 1 mol·L−1 CH3COONH4 (soil: solution ratio of 1:10), and then,
the available potassium content of the filtrate was determined using a continuous-flow
analyzer (AA3, Germany). Soil samples were sampled on site using an aluminum box and
brought back to the laboratory to be dried at 105 ◦C in an oven until the soil moisture was
measured at constant weight.

Soil Moisture Measurement = [(Wet soil weight − dry soil weight)/dry soil weight] × 100% (1)

2.3.2. Soil Microbial Community Structure

Phospholipid fatty acids (PLFA) were used to characterize the microbial community
structure. PLFAs were extracted from 2 g of lyophilized soil, separated, and methylated.
The resulting fatty acid methyl esters (FAMEs) [46] were separated by gas chromatography
using an Agilent 7890 A GC System equipped with a HP-ULTRA 2 column and a flame
ionization detector [46]. The individual FAME peaks were identified and quantified with
the software Sherlock™ PLFA Method and Analysis Package. Specific PLFAs were used
as biomarkers to quantify the relative abundances (mol%) of particular microbial groups
(Table 2). The internal standard 19:0 phosphatidylcholine was used for the quantification of
FAMEs. Although most bacterial PLFAs have acyl chain lengths between 14 and 20 carbons,
there are fatty acids longer than 20 carbons that predominantly originate from bacteria
or micro-eukaryotes, such as 21:0, 22:0, 22:5 ω3, 22:6 ω3, and 24:0. This software was
designed to detect such fatty acids in soil samples; therefore, they were also taken into
account in our study. The viable microbial biomass was calculated by summing PLFAs
concentrations and reported as nanomoles of PLFA per gram of soil. Several PLFAs may
have various sources. Fatty acids indicating arbuscular mycorrhizae fungi (AMF) were
summed as total fungal biomass. Bacterial biomass was calculated from the residual fatty
acids that could be assigned to the bacterial groups. Biomass was expressed relative to dry
weight of the freeze-dried soil. The ratios of fungal/bacterial (18:2ω6 for fungi) and Gram-
positive(G+)/Gram-negative (G−) bacterial markers were also obtained. The absolute
amount of PLFA was calculated by the area normalization method using the following
formula ([47,48]):

Phospholipid Fatty Acids (PLFA) =
(19:0 concentration × total area)/19:0 molarmass

Actual weight of soil
× Response area of a

Response area of 19:0
(2)
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Table 2. Phospholipid fatty acid (PLFA) profiling of soil microbial communities.

Microbial Group Phospholipids Fatty Acids Signatures

Actinomycetes 16:0 10-methyl; 17:0 10-methyl; 17:1 w7c 10-methyl; 18:0 10-methyl; 18:1 w7c 10-methyl etc.

G+ bacteria
11:0 anteiso; 11:0 iso; 12:0 anteiso; 12:0 iso; 13:0 anteiso; 13:0 iso; 14:0 anteiso; 14:0 iso; 14:1 iso
w7c; 15:0 anteiso; 15:0 iso; 15:1 anteiso w9c; 15:1 iso w6c; 15:1 iso w9c; 16:0 anteiso; 16:0 iso; 17:0
anteiso; 17:0 iso; 17:1 iso w9c; 18:0 iso; 19:0 anteiso; 19:0 iso; 20:0 iso; 22:0 iso

G− bacteria 13:1 w5c; 14:0 2OH; 14:1 w8c; 14:1 w9c; 15:1 w7c; 15:1 w8c; 5:1 w9c; 16:0 2OH; 17:0 cyclo w7c;
17:1 w3c; 21:1 w3c; 21:1 w4c; 21:1 w5c; 21:1 w6c; 21:1 w8c; 22:1 w6c; 22:1 w8c; 22:1 w9c; 24:1 w7c

Eukaryote

15:3 w3c; 15:4 w3c; 16:3 w6c; 16:4 w3c; 18:3 w6c; 19:3 w3c; 19:3 w6c; 19:4 w6c; 20:2 w6c; 20:3 w6c;
20:4 w6c; 20:5 w3c; 21:3 w3c; 21:3 w6c; 22:2 w6c; 22:4 w6c
22:5 w3c; 22:5 w6c; 22:6 w3c; 23:1 w4c; 23:1 w5c; 23:3 w3c; 23:3 w6c; 23:4 w6c; 24:1 w3c; 24:3 w3c;
24:3 w6c; 24:4 w6c

AM Fungi 18:2 w6c

Fungi 16:1 w5c

2.3.3. Saturated Fatty Acids/Monounsaturated Characteristics

SAT/MONO (Saturated fatty acids/monounsaturated) usually indicates environmen-
tal stress in soil microorganisms [49].

SAT/MONO = Saturated fatty acids/monounsaturated (3)

2.4. Statistical Analysis

We conducted a two-way analysis of variance (ANOVA) using the General Linear
Models package in SPSS 21.0 (IBM Corp., Armonk, NY, USA) to test the interaction be-
tween the forest gap size and soil position in the available phosphorus and potassium,
nitrate nitrogen and ammonium nitrogen concentrations, soil water content, and soil pH.
Additionally, a redundancy analysis (RDA) was performed using the Canoco 4.5 software.
Six soil microbial community structures (eukaryote, fungi, actinomycetes, Gram-positive
and Gram-negative bacteria, and AM fungi) and six soil chemical properties were analyzed
to determine the relationship between microbial community and environmental outcomes.
The experimental effects on soil microbial communities in forest gaps were assessed using
a generalized linear model (GLM), applying the binomial family and default logit link
function. Post hoc pairwise comparisons of significance were carried out for GLMs using a
Least Significance Difference Method. All the differences were tested with a significance
level of p = 0.05. Graphics were generated in Origin (version 2018, Origin Lab).

3. Results
3.1. Response of Soil Microbial Community Structure to Forest Gap

A total of 92 different PLFAs were detected from all the samples. For G− (Gram-
negative) bacteria and G+ (Gram-positive) bacteria, fungi, actinomycetes, and AM fungal
PLFAs, all the markers varied significantly in different-sized forest gaps. The different
percentages of specific biomarkers of the PLFAS in forest gaps are shown in Figure 3.

Compared to forest gap, the contents of PLFAs (10:03OH,13:0iso,14:02OH;15:1w6c,16:1w9c,
18:1w5c,19:1w8c,20:1w8c,21:1w3c,22:5w6c,24:1w3c) were not detected. The contents of
PLFAs varied with forest gap size. The PLFAS of 16:0,19:0 cyclo w7c,15:0 iso,18:1 w7c,16:0 10-
methyl,18:1 w9c,17:1 iso w9c,18:0,16:0 iso,15:0 anteiso,18:0 10-methyll17:1 w7c 10-methyll17:0
isol16:1 w7c,19:0l17:0 anteiso,16:1 w5cl18:2 w6cl17:0 cyclo w7c and18:1 w5c ranked dif-
ferently, as shown in Figure 2. In three gaps and the forest understory, the total amount
of PLFAs was quite different, medium gap (101.73 nmol/g) > large gap (95.75 nmol/g) >
small gap (94.35 nmol/g) > understory (92.36 nmol/g) in Table 3.

As shown in Figure 4, the SAT/MONO ratios were the highest in the medium gap, but
the lowest in the large gap (p < 0.001). The SAT/MONO ratios showed no differences in
different positions within the large gap, but distinct differences in the small gap, medium
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gap, and the understory. The SAT/MONO ratio decreased in the small gap and large
gap in comparison to the understory. The medium gap was consistent with understory
in the SAT/MONO ratio. Overall, the changes in environment deeply affected the soil
microbial communities.
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d show differences in the different positions within the same gap (p < 0.05). 
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Figure 3. The percentage of PLFAS charactering microbes in forest gaps of different sizes.

Table 3. Total amount of soil microbial PLFAs under the forest gap area (mean ± SE, 95% CI).

Gap Type
Gap Position

Center Inside Edge Outside Total

Small gap 100.82 ± 2.21 Aa 95.71.41 ± 1.19 Bb 94.25 ± 2.4 Cb 90.08 ± 2.58 Dd 94.35 ± 3.12 a
Medium gap 108.93 ± 3.81 Ba 105.00 ± 3.34 Bb 98.48 ± 4.45 Bc 95.00 ± 3.81 Dc 101.73 ± 1.10 b

Large gap 86.75 ± 2.63 Ca 95.27 ± 1.63 Bb 116.73 ± 2.83 Cc 86.08 ± 1.41 Ba 95.75 ± 2.06 c
Understory 90.43 ± 3.62 C 90.43 ± 3.62 a

Note: A, B, C, and D indicate differences in the same gap position with different sizes; a, b, c, and d show
differences in the different positions within the same gap (p < 0.05).
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Figure 4. Comparison of SAT/MONO ratios in different gap positions (mean ± SE, 95% CI). Note:
A, B, C, and D indicate differences in the same gap position with different sizes; a, b, and c show
differences in different positions within the same gap (p < 0.05).



Forests 2022, 13, 2015 8 of 15

3.2. Response of Soil Microbial Community Composition to Forest Gap
3.2.1. Soil Fungi, Actinomycetes, G+ Bacteria, and G− Bacteria Response to Gap Size

The PLFA contents in fungi in different forest gaps ranged from 1.86 to 9.01 nmol g−1:
large gap > small gap > medium gap > understory. From the center of gap to the understory,
the fungal PLFA ranged from 1.28 to 3.45 nmol g−1. Across different positions within the
same gap, quite different variations were shown. Soil fungi in the center and edge of the
gap responded more strictly to the forest gap than the understory (Figure 5a).
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Figure 5. (a–d) Differences in the contents of the soil microbial community in forest gaps (mean ± SE,
95% CI). Note: A, B, C, and D indicate differences in the same gap positions with different sizes; a, b,
c, and d show differences in different positions within the same gap (p < 0.05).

Actinomycetes were most in the forest gap in comparison with the understory. From the
understory to the gaps, the order was: understory (11.06 nmol g−1), small gap (12.21 nmol g−1),
medium gap (13.68 nmol g−1), large gap (16.9 nmol g−1) (p < 0.01). The PLFA contents
of actinomycetes in the same forest gap varied with the position in the gaps. Inside of
the forest gap, the PLFA contents of actinomycetes were highest; however, the PLFA
contents of actinomycetes at the edge of the forest gap. Overall, the surface aggregation of
actinomycetes was significantly affected by the forest gap sizes and position (Figure 5b).

The large gap (270–300 m2) was the most active habitat of G+ bacteria, and the G+
bacterial contents at the top soil (0–10 cm) were significantly higher than those in the
understory. However, there were no significant changes in the small gaps (60–80 m2)
and medium gaps (130–160 m2). The content of G+ bacteria in the center of the gap was
significantly higher than that in the same gap size at a different position. Additionally,
variations in G+ bacteria differed in the same positions with different sizes (p < 0.05
(Figure 5c).

The gap size difference in the PLFA contents of G− bacteria was more complex. The
PLFA levels in the same gap size were dramatically altered in the four sites, and changes in
the gap center and outside of the gap were substantial between the small gap and large
gap. Compared to the understory, the number of medium gaps (130–160 m2) was relatively
stable, and there were no significant changes in the center, inside, edge and outside areas.
In the forest gaps, variations in G− bacterial PLFA contents were not clear. However, at the
center and outside of the gap, a peak was observed as gap size increased (Figure 5d).

3.2.2. Soil AM Fungi and Anaerobic Response to Forest Gap

The gap size altered the surface aggregation of AM fungi in the gap and understory
(Figure 6). The AM fungal PLFA content in the forest gap was similar to the PLFA contents
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of fungi, large gap (270–300 m2) > small gap (60–80 m2) > medium gap (130–160 m2) >
understory (p < 0.01). The PLFA contents of AM fungi ranged from 1.45 to 2.80 nmol g−1

(Figure 4). The PLFA contents of AM fungi were highest in the small gap; however, the
large gap and medium gap reached a peak outside of the forest gap. Overall, the forest gap
significantly affected the surface aggregation of AM fungi.
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Figure 6. Contents of AM Fungi PLFAs in the different forest gap area (mean ± SE, 95% CI). Note:
A, B, C, and D indicate differences in the same gap position with different sizes; a, b, c, and d show
differences in a different position within the same gap (p < 0.05).

The anaerobic bacterial community occupies a large proportion in the structure of the
anaerobic microbial community in the forest gap. From all of the samples, phospholipid
fatty acids that can be used to characterize anaerobic bacteria, such as 18:1 w7c, 15:0 a,
15:0 i, 16:0 i, 17:0 i, 19:0 cy, etc., were detected. The PLFA content of the anaerobic in the
small gap and the large gap accounted for 8%–11% and 4%–10%, respectively. Anaerobic
bacterial PLFA content was significantly higher than those in the small gap and large gap,
accounting for 22%–34%. More interestingly, no anaerobic PLFA makers were detected in
the sample collected from the medium gap. This gap had a strong effect on the anaerobic
microbial community.

3.3. Soil Factors Driving Soil Microbial Community Shift

The gap area of evergreen broad-leaved secondary forest influenced the physical
properties of the soil (Table 4). The value of available phosphorus in the four habitats
followed the order medium gap > large gap > small gap > understory, and the value of
available phosphorus in the medium gap was significantly higher than that in the small
gap, large gap, and understory (p < 0.01). The value of nitrate nitrogen in the forest gap was
similar to the value of available phosphorus (p < 0.05). The value of available phosphorus
potassium and ammonium nitrogen in the four habitats followed the order medium large
gap > small gap > medium gap > understory. The gap area of evergreen broad-leaved
secondary forest significantly affected the value of soil water content, as the soil water
content decreased from the understory to the forest gap. Meanwhile, the differences in soil
pH among the three gaps and understory were not significant (p > 0.05).

The results show that the differences in soil water, nitrate nitrogen, ammonium nitro-
gen, available potassium, and available phosphorus between center and edge and between
the outside and center were significant (p < 0.05). Environmental outcomes evidently
contribute to the size of the forest gaps. Compared to the understory, the differences in soil
pH among the center, edge, and outside of the gaps were not significant (p > 0.05).

Furthermore, the two-way ANOVA results show that forest gaps significantly affected
all the chemical properties of soil (p < 0.05) (Table 5). Gap area, gap position, and their
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combined interactions also had significant effects on available phosphorus, nitrate nitrogen,
ammonium nitrogen, and soil water content.

Table 4. Effect of different sizes of forest gaps on soil chemical properties (mean ± SE, 95% CI).

Gap Size Available
Phosphorus

Available
Potassium

Nitrate
Nitrogen

Ammonium
Nitrogen

Soil Water
Content

Soil
pH

Small gap 1.83 ± 0.07 A 44.10 ± 5.23 A 2.1 ± 1.09 A 8.57 ± 1.18 A 0.38 ± 0.03 A 4.28 ± 0.02 A
Medium gap 2.09 ± 0.09 B 43.88 ± 3.91 A 2.48 ± 0.71 B 8.93 ± 0.88 B 0.37 ± 0.02 A 4.37 ± 0.11 A

Large gap 2.07 ± 0.09 C 69.50 ± 7.09 B 1.58 ± 0.62 C 9.85 ± 4.43 C 0.34 ± 0.01 B 4.44 ± 0.08 A
Understory 1.98 ± 0.06 A 36.59 ± 0.3.7 C 0.37 ± 0.01 D 8.27 ± 0.04 A 0.32 ± 0.05 C 4.31 ± 0.04 A

Note: A, B, C, and D indicate differences in the forest gap with different sizes.

Table 5. Two-way analysis of variance (ANOVA) for the effects of gap size and location on soil basic
chemical properties in evergreen broad-leaved secondary forest.

Factor df Available
Phosphorus

Available
Potassium

Nitrate
Nitrogen

Ammonium
Nitrogen

Soil Water
Content Soil pH

Gap area 3 <0.01 <0.05 <0.05 <0.05 <0.05 <0.05
Gap position 3 <0.05 <0.05 <0.01 <0.01 <0.01 0.679

Gap area × gap position 9 <0.05 0.269 <0.01 <0.01 <0.05 0.963

The redundancy analysis (RDA) demonstrated that soil chemical properties signifi-
cantly affected the soil community structures in evergreen broad-leaved secondary forest
gaps. The analysis results show that 96.2% of the soil microbial community structure
information could be explained by the six selected soil chemical property indicators, among
which axis 1 and axis 2 explained 78.2% and 18.0% of the variation information, respec-
tively (Figure 7). Among all the tested environment factors, ammonium nitrogen, available
potassium, and pH value had significant positive correlations with microbial communities,
in which available potassium had a stronger effect (longer arrow) on microbial commu-
nity on microbial community structure. Interestingly, the correlations between the fungi,
eukaryote and soil water contents, and nitrate nitrogen were negative and significant.
Moreover, the soil pH was not the main environmental factor affecting the soil microbial
community composition.
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4. Discussion

Significant differences were identified in the physical properties of soil among different-
sized forest gaps and the understory, indicating differences in the sensitivity of soil proper-
ties and the mineralization process in forest gaps of different sizes. The value of available
phosphorus in the four habitats followed the order medium gap > large gap > small gap >
understory (p < 0.01). The available phosphorus content in the top soil layer of middle gaps
in secondary forests was significantly increased, which may be due to the accumulated
rich litter and root biomass in soil [15], increasing its phosphorus content. In addition,
the phosphorus in the soil is easily fixed by soil clay [19], and the vegetation and litter
layer in middle forest gaps can easily intercept rainfall, resulting in a small amount of
phosphorus leaching loss [50]. Wei (2021) conducted a study on the influence of forest gaps
on the available nitrogen of soil in a Pinus massoniana plantation. It was found that the
larger forest gap areas corresponded to higher concentrations of ammonium nitrogen and
nitrate nitrogen, and both were more concentrated in gap areas than in the understory [51].
Interestingly, congruent changes in ammonium nitrogen were found upon analyzing the
value of ammonium nitrogen in large gaps, medium gaps, small gaps, and the understory,
with the following order: large gap > small gap > medium gap > understory (p < 0.05). In
contrast, different changes in nitrate nitrogen were observed upon analyzing the value of
nitrate nitrogen in large gaps, medium gaps, small gaps, and the understory. The values
of nitrate nitrogen in medium gaps were significantly higher than those in the small gaps,
large gaps, and understory (p < 0.01), which might be caused by differences in forest gap
size and in gap zone, from the understory to the canopy and the expanded gaps. Addi-
tionally, we found that the value of available potassium in the four habitats followed the
order large gap > small gap > medium gap > understory, which showed that the gaps could
contribute to soil nutrient transformation. Forest gaps alter the soil conditions by increasing
solar radiation and reducing plant water uptake; consequently, soil surface temperatures
and moisture levels in the gaps are different from those of the adjacent closed-canopy
forests [12,52,53]. The gap area of evergreen broad-leaved secondary forest significantly
affected the value of soil water content, which decreased between the understory and the
forest gap, while the differences in soil pH among three gaps and understory were not
significant (p > 0.05). This finding is consistent with the previous findings that no signifi-
cant differences in pH between the gaps and forest canopy were detected [54]. Generally,
medium forest gaps may have a region of rich fertility, increasing soil nutrient availability
within evergreen broad-leaved secondary forests, which is beneficial to vegetation renewal
and biodiversity conservation.

The diversity of soil biota communities generally plays significant roles in mediating
plant community attributes, including diversity, plant productivity, community compo-
sition, and plant–soil interactions, as well as regulating how plants respond to stress
factors. [24,32,55]. Microorganisms are very active in the decomposition of matter and are
important factors that influence nutrient availability in plant–soil feedback systems [33,55].
Previous studies found that gap area and gap position are the main reason for the difference
in species richness between the gap and within the forest [16,56,57]. The results of our
study also demonstrate that forest gap size significantly affects soil community structures
and composition in evergreen broad-leaved secondary forest gaps. Among all the sizes of
forest gaps, medium gaps had the most significant positive correlation with the microbial
communities. A similar finding was also observed in other studies, indicating that the
structure and diversity of the soil bacterial community were affected by different forest
gap sizes, and the soil bacterial diversity was higher in the medium gap than the small
gap [55]. The SAT/MONO ratios were highest in the medium gap, but lowest in the large
gap (p < 0.0001). The temperature and humidity under different forest gaps are regulated
by environmental factors such as illumination and rainwater, and after entering the gap,
these factors are re-regulated by the difference between vegetation types under different
forest gaps [58]. This is why the SAT/MONO ratio showed no differences in different
positions within the large gap but were quite different in the small gap, medium gap, and
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understory. Within the first few years following gap creation, the physical and chemical
environment of the soil changed. The litter input and the decrease in plant root exudates
resulted in insufficient nutrients for microbial metabolism, which inhibited the growth and
reproduction of soil microorganisms, and this inhibition effect was more evident with the
increase in the gap area [27,33]. Our study had similar findings, where the total amount
of PLFAs was quite different: medium gap > large gap > small gap > under-story. The
comprehensive effect of gap size and sampling location on the microbial communities is
quite significant [35]. The content of G+ bacteria in the center of the gap was significantly
higher than that in the same gap with a different position. Interestingly, variations in G-
bacterial PLFA contents were not evident in the forest gaps. Moreover, the level in the
medium gaps were relatively stable, and there were no significant changes in the center,
inside, edge, and outside of the gaps. In this study, due to the same site conditions, the
differences between plant community structures in the different-sized gaps may be the
main factor for the significant change in soil microbial community structure [52]. Gap
locations caused distinct co-occurrence patterns in fungal communities, and the beta di-
versity of the fungal community increased from the gap center to the closed canopy [35].
Our findings also indicate that the PLFA contents in fungi in different forest gaps ranged
from 1.86 to 9.01 nmol g−1: large gap > small gap > medium gap > understory. In contrast,
actinomycetes were most active in the forest gap in comparison with the understory, large
gap (16.9 nmol g−1) > medium gap (13.68 nmol g−1) > small gap (12.21 nmol g−1) > un-
derstory (11.06 nmol g−1). Generally, the forest gap size substantially alters soil properties
in the evergreen broad-leaved secondary forest, and alters the soil microbial community
structure due to gap formation. The presented results may be strongly biased by the meteo-
rological conditions in that specific moment, so we continued to track them for a long time.
Forest gaps have profound effects on the biogeochemical processes of soil in evergreen
broad-leaved secondary forests and, thus, the soil carbon pool and plant diversity. Our
experiment was short, and forest gaps were shown to affect the availability of soil nutrients
and soil microbe communities, driving underground ecological process. Gaps in evergreen
broad-leaved secondary forests need to be further studied to understand locally relevant
species and structural changes in the gap phase dynamics.

5. Conclusions

In this study, forest gaps significantly affected the soil chemical properties and soil
microbial communities of evergreen broad-leaved secondary forests: (1) Forest gaps sig-
nificantly affected all the chemical properties of soil; the gap area and position and their
combined interactions determined the chemical properties and microbial communities
of the soil. (2) Gap size was positively related to the community characteristics of soil
microbial communities, as the structural quantity of soil microbial communities of the
evergreen broad-leaved secondary first increased and then decreased with the increase
in gap size. (3) The SAT/MONO ratio was highest in the medium gaps but lowest in the
large gaps (p < 0.001). The SAT/MONO ratio showed no difference in different positions
within the large gaps, but was quite different in small gaps, medium gaps, and understory.
(4) The soil pH was not the main environmental factor affecting the soil microbial commu-
nity composition. (5) Medium gaps (130–160 m2) always significantly improved the soil
nutrients, and provided a good microenvironment for soil bacteria, fungi, AM fungi, and
actinomycetes (p < 0.05). In the practice of secondary forest management, medium gaps
may be a good method for secondary forest conservation, biodiversity conservation, and
carbon dioxide storage. Although we provide important insights into the changes in soil
microbial community structure and soil nutrients driven by forest gaps, the results need to
be validated in the evergreen broad-leaved secondary forest within a few years following
the gap creation.
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