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Editorial

How Does Forest Management Affect Soil Dynamics?

Cristian Onet,
1,* and Vlad Stoian 2,*

1 Department of Environmental Engineering, Faculty of Environmental Protection, University of Oradea,
26 General Magheru Street, 410048 Oradea, Romania

2 Department of Microbiology, Faculty of Agriculture, University of Agricultural Sciences and Veterinary
Medicine of Cluj-Napoca, 3-5 Calea Mănăştur, 400372 Cluj-Napoca, Romania

* Correspondence: cristyonet@yahoo.com (C.O.); vlad.stoian@usamvcluj.ro (V.S.)

Forest management practices can have both positive and negative effects on the dy-
namics of soil properties and can significantly influence the soil structure, nutrient cycling,
organic matter content, and microbial activity. Sustainable management approaches aim to
minimize soil disturbance, maintain soil fertility, and promote long-term ecosystem health
and resilience.

This Special Issue presents a collection of nine papers—seven based on original data
and two comprehensive reviews. The publications collected in this “How does Forest
Management affect Soil Dynamics?” Special Issue address these challenges comprehen-
sively and in an interdisciplinary manner. The studies were carried out in a wide range of
locations such as Taiwan, China, Chile, and Romania. They present results derived from
experimental studies on important topics such as the insights into how roots anchor plants
within soil matrices, the influence of plants’ introduction into an agroforestry system on
the microbial resource limitations, the effects of thinning infected trees and cultivating
resistant pines on soil microbial diversity and function, the impact of acid rain and veg-
etation clearing on soil biological function, the effects of natural regeneration following
severe disturbance, changes in soil microbial communities in extreme desert areas due
to various long-term management techniques, improving microbial carbon dynamics in
pine forests, and how enzyme stoichiometry highlights microbial nutrient relief through
nitrogen fertilization. Further, the Special Issue presents two review papers that contribute
to our understanding of the forest soil carbon responses to timber harvesting and prescribed
burns and of the microbial networks in forest soils (a 20-year research review).

Fan et al. [1] investigated the soil reinforcement capabilities of the Pachi bamboo root
system through in situ shear and pullout tests. They determined that the root diameter
is positively correlated with the tensile strength and elastic modulus. Pachi bamboo,
which grows in dense clusters with deep clumping roots, significantly enhances the slope
stability—especially at shallow depths—due to its extensive root network. The study
confirmed that root reinforcement is closely linked to the number, size, and cross-sectional
area of bamboo culms in a cluster. Simple formulas were developed to estimate the root
resistance based on these culm characteristics. Over a 10-year span, the culm density within
clusters increased, further improving the soil stabilization. These results highlight the
practical potential of Pachi bamboo for slope protection and in ecological engineering.

In a complex study, Zhang et al. [2] highlighted how different interventions impact soil
microbes and provided valuable insights for sustainable pine forest ecosystem management
following nematode infestation. After pine forests were affected by pine wood nematode,
different management strategies—removing infected trees (sanitation-thinned plots) or
planting disease-resistant species (Pinus thunbergii and Pinus taeda)—led to notable differ-
ences in the soil microbial communities. The disease-resistant pine plots showed higher

Forests 2025, 16, 1642 https://doi.org/10.3390/f16111642
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enzyme activities and distinct bacterial and fungal community structures compared to the
sanitation-thinned plots. The soil moisture, pH, and potassium levels were key factors
influencing the microbial community composition. Additionally, wood-decomposing and
ectomycorrhizal fungi were more abundant in the resistant pine plots. The authors devel-
oped formulas to quantify the microbial community changes based on these environmental
factors and management practices.

Another study examined how simulated acid rain and the removal of understory
vegetation affected the soil biological activity in a Cinnamomum camphora plantation. He
et al. [3] determined that acid rain significantly changed the soil organic carbon, CO2

emissions, enzyme activity, and microbial community structure. Removing understory veg-
etation reduced the soil moisture and nutrient availability, disrupted the enzyme balance,
and shifted microbial communities. The bacterial diversity increased but with decreased
stability, while fungal communities were more resilient, due to their metabolic traits. The
study revealed that bacterial instability was linked to carbon limitation, whereas fungal
stability related to phosphorus limitation. Overall, the findings highlight the crucial role of
understory vegetation in maintaining soil health and emphasize the need for integrated
forest management to protect soil ecosystems in subtropical plantations.

Ortiz et al. [4] determined that passive post-disturbance management of native
Nothofagus forests in south-central Chile led to similar nutrient levels, water cycling
capacity, and a decline in soil carbon sequestration over 45 years. The dominance of the
opportunistic grass Chusquea sp. limits understory diversity and ecosystem recovery de-
spite providing soil protection. The soils showed resilience, but active scarification and
agroforestry are recommended to enhance regeneration and productivity. The authors high-
lighted that further research is needed on the carbon dynamics and microbial communities
to better understand soil carbon stabilization.

Soil microbiome transition areas were analyzed by Zhang et al. [5] in relation to
different long-term management methods over a period of 13 years. The research was
oriented to respond to vegetation loss due to extreme management through excessive
cutting or plant burning. Both bacterial and fungal communities were influenced by soil
organic carbon, while the microbial community structure exhibited shifts from the control
to floodwater irrigation. The results reinforce the need for the application of carefully
regulated cutting and burning practices, to optimize plant regeneration and soil enrichment
with nutrients from organic matter decomposition by microorganisms, which will ensure
long-term resilience and productivity in dessert ecosystems.

Rui et al. [6] studied soil extracellular enzyme activity and stoichiometry in a complex
experiment on the cultivation of Panax notoginseng (Sanqi) within the Pinus armandii forest.
Their research aimed to explore the impact of P. armandii monoculture and the Sanqi–P.
armandii agroforestry system in terms of the soil quality and the interactive effects of the
season, plant introduction, soil compartments, and nutrient limitation on soil microorgan-
isms. Their findings showed that N, rather than P, restricts the microbial metabolism under
both cultivation systems. Based on the results, the authors recommend the application of
organic fertilizers to support the sustainable development of Sanqi–P. armandii agroforestry
system and to alleviate microbial N limitations.

The microbial activity in the soil of a Moso bamboo forest under a gradient of
N application was the focus of research conducted by Chu et al. [7]. The results showed that
the application of N fertilizer alleviated the C and N limitation of microorganisms. Another
important aspect was that N application altered the soil nutrient resources and modulated
the microbial strategy for nutrient acquisition. Their findings provide a good theoretical
base for the development of new fertilizer application strategies based on microbial nutrient
requirements, to obtain sustainability in the management of Moso bamboo forests.
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A global meta-analysis on the impact of clearcutting, thinning, and prescribed burning
on soil carbon dynamics was conducted by Ono and Noormets [8]. The authors analyzed a
database of 414 observations from 110 studies to quantify the impact of the management
type on soil respiration and its associated biophysical and soil variables. Both clearcut-
ting and prescribed burning produced a decline in soil respiration, although acting in
a different manner—through the removal of crowns, which reduces the carbon supply,
and through detritus combustions, which also kill roots and microorganisms. Thinning
does not significantly affect the soil respiration components, due to its minor impact on
belowground compartments and the compensatory growth of the remaining trees. Long-
term field experiments are important for future research, to increase the understanding of
carbon stabilization.

A review of the key research from 2003 to 2023 was conducted by Onet, et al. [9],
aiming to respond to a series of questions related to the forest soil microbiome and its
responses to ecological disturbances. Their findings show that forest microbiomes are
shaped by both the soil and plant type. The high impact on microbial community assem-
blage is related to the nutrient levels, soil fertility, successional stages of the forest, and
disturbance patterns. The forest microbiome presents variable dynamics in relation to
seasonal conditions, applied management on forest species, and long-term environmental
shifts. For a deeper understanding of the complex soil microbiome, the authors propose
long-term interdisciplinary studies to forecast the shifts in microbial communities due to
environmental and anthropogenic disturbances.

We would like to thank all the authors for their contributions to these important topics.
Understanding microbial systems, community structures, and responses to management
interventions is essential for gaining a deeper understanding of ecosystem functioning. It
is our expectation that this Special Issue of Forests will offer a robust platform for future
scholarly inquiry into this vital area of research.

Conflicts of Interest: The authors declare no conflicts of interest.
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Article

Exploring the Root–Soil Anchoring Dynamics of Bambusa
pachinensis (Pachi Bamboo) Root System

Chia-Cheng Fan 1,*, Chung-Hao Chen 2 and Chunhsiung Chen 3

1 Department of Construction Engineering, National Kaohsiung University of Science and Technology,
Kaohsiung 824, Taiwan

2 CECI Engineering Consultants, Inc., Taipei 114, Taiwan; stone19910804@ceci.com.tw
3 Kuocheng Construction Co., Kaohsiung 800, Taiwan; chenver.hinet@msa.hinet.net
* Correspondence: ccfan@nkust.edu.tw

Abstract: Bamboo is widely distributed throughout the world, particularly in tropical and
subtropical regions. This study aims to investigate the biomechanical properties of the root
system of Bambusa pachinensis (Pachi bamboo). The root system of Pachi bamboo grows
densely in clusters, with most roots growing vertically and potentially penetrating more
than one meter into the soil after growing for several years. Owing to these characteristics,
Pachi bamboo is considered a promising plant species for soil reinforcement. However,
research on its root reinforcement capabilities remains limited. In situ shear and pullout
tests were conducted to assess the root reinforcement of the fibrous root system. The root
diameters of Pachi bamboo are typically less than 4 mm, and its tensile strength is notably
lower than that of tree roots. This study establishes a method for estimating the root
reinforcement of Pachi bamboo based on the number and cross-sectional area of the culms
in a single bamboo cluster. The relationship between the maximum tensile force (Fult) and
root diameter (D) is Fult = (3.65)D2.59, where Fult is in Newtons (N), and D is in millimeters
(mm). The relationship between the pullout resistance (Pult) and the shear resistance (Sult)
with the number of culms (SN) is Pult = 46.5(SN) and Sult = 0.53(SN) + 5, where Pult is in
Newtons (N), and Sult is in kilopascals (kPa). These results suggest a positive contribution
of the number of culms to mechanical resistance.

Keywords: Pachi bamboo; forest management; root biomechanics; root reinforcement

1. Introduction

Plant species and root morphology are crucial factors in a plant’s ability to reinforce
the soil. The complex and diverse root system morphologies of different plant species
have been a focal point of research in recent decades, reflecting the collaborative efforts
of the scientific community. This collective work has led to the development of methods
for estimating the shear resistance provided by roots in the soil, based on simplified root
reinforcement models [1–3] and field experiments on rooted soils [4,5]. Another key factor
influencing the reinforcement effect of a plant root system is the soil–root bonding strength,
which directly affects the pullout resistance of the root system in soil [6,7]. Additionally,
the contribution of plant root systems to slope stability has been extensively analyzed and
discussed by researchers, further emphasizing the collaborative nature of this field [8–13].

Tap and oblique roots in a root system are considered advantageous for enhancing
soil resistance [5,14]. Dense, thin roots offer good tensile resistance, while long tap roots
provide bending resistance within the soil [15,16]. Stokes et al. (2009) [16] also suggested
that dense, thin roots offer better resistance to soil than fewer, thicker roots, even when

Forests 2025, 16, 832 https://doi.org/10.3390/f16050832
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the root area ratios (RARs) are identical. Previous analytical studies have indicated that
the critical root length required for effective root anchorage in the soil increases with root
diameter [17]. Planting root systems with favorable characteristics on slopes is essential for
providing better reinforcement and stability in soil bioengineering techniques [18].

Root forces generated in root-permeated soils subjected to deformation are crucial for
mobilizing the resistance provided by root systems in the soil. The mechanical properties of
plant roots are essential parameters for evaluating root reinforcement in the soil. Root systems
vary significantly across plant species. Bamboo, for instance, is a species with many thin
roots. Studies have shown that bamboo root systems can improve soil erosion control and
conservation [19–22]. Furthermore, bamboo root systems act as anchors for the soil, preventing
shallow landslips in forest slopelands [19,23]. The mechanical properties of bamboo fibers
have been extensively studied over the past decades [24–28]. Additionally, research on the
mechanical performance of bamboo fiber-reinforced composites has been conducted under
various treatments and conditions [27,29–31]. However, there has been limited research on
the quantitative contribution of bamboo roots to reinforcement in the soil.

Bamboo is widely distributed worldwide [32]. It is used in soil bioengineering tech-
niques, and it has an effective ability to reduce soil detachment and movement. Bamboos
generally grow faster than other forest plant species and thrive in various soil conditions,
including sandy, loamy, lateritic, and alluvial soils [32]. Bamboo root systems are classi-
fied into two types: clumping and running. Clumping bamboos have culms that grow
close together, whereas running bamboos feature a horizontal root system (rhizome) that
spreads widely from the shoot. Bambusa pachinensis (Pachi bamboo), a clumping species
first reported in Taiwan in 1916 [33], is characterized by a dense and thin root system. This
bamboo species has also been identified in Southeastern China [34].

The root distribution of Pachi bamboo is a fibrous root system, characterized by a dense
network of fine roots and the absence of a distinct taproot. Fibrous root systems generally
exhibit relatively shallow rooting depths compared to those of woody species [35,36].
Despite this shallowness, they contribute to soil strength at a different scale, primarily
through the combined effects of root depth and biomass [36]. Moreover, specific root traits—
such as the presence of root hairs and the distribution of root diameters—can significantly
influence shear strength by altering failure mechanisms within the soil–root matrix [36].

Roots that intersect a potential sliding surface enhance the soil’s shear resistance
through a mechanism known as basal root reinforcement [37,38]. This process is most
effective when the rooting depth extends beyond the depth of the sliding surface [37].
The root system of Pachi bamboo is clumping in nature, consisting of numerous fine
roots along with long, slender roots. With a rooting depth reaching the meter scale, Pachi
bamboo has the potential to contribute meaningfully to basal root reinforcement in shallow
slope failures, while also playing a vital role in controlling surface soil erosion. To assess
the contribution of Pachi bamboo root systems to root reinforcement, it is essential to
understand the mechanical properties of these roots.

Pullout resistance and shear resistance represent the capacities of root systems to with-
stand different types of applied forces [39]. The tensile strength of individual roots contributes
to the mobilization of both pullout and shear resistance within the root system. It is important
to recognize that pullout resistance, shear resistance, and tensile strength of individual roots
each serve distinct but complementary functions in the overall root reinforcement mechanism.
This research aims to investigate the mechanical properties of the Pachi bamboo root system.
By performing in situ shear, pullout, and tensile tests on Pachi bamboo roots, we aim to
establish a correlation between the root reinforcement of the bamboo root system and the
characteristics of the bamboo. It is assumed that the root reinforcement of Pachi bamboo
systems is correlated with the characteristics of bamboo culms. The findings of this study can
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be applied to assess the stability of sloping lands or riverbanks planted with Pachi bamboo,
thereby enhancing the practicality and relevance of our research and offering valuable insights
for engineering and environmental conservation practices.

2. Materials and Methods

2.1. Test Site

The test site, located on the west campus of Kaohsiung University of Science and
Technology in Kaohsiung, Taiwan, is covered with sparse grass, Axonopus affinis. There
were also small amounts of other grass species at the test site.

The soil at the site had a unit weight ranging from 14.9 to 15.8 kN/m3 and a dry unit
weight between 12.2 and 13.1 kN/m3. According to the Unified Soil Classification System
(USCS), the soil is classified as SP (poorly graded sand). These soil conditions provided an
ideal environment for conducting the in situ tests on the Pachi bamboo root system.

2.2. Pachi Bamboo

Pachi bamboo culms are slender and grow in close clusters, with heights reaching
between 3 and 8 m. Field investigations revealed that the root system of Pachi bamboo is
dense and classified as clumping bamboo. Most of the roots grow vertically, penetrating
deeply into the soil, while the lateral roots at shallower depths remain short. At other
sites, Pachi bamboo roots extended to at least 1.6 m in length after four years of growth, as
illustrated in Figure 1. Several roots, visible in the lower center of the image, were exposed
within an excavated trench. A person holding a tape measure is shown in the photo to
provide a scale reference for the exposed rooting depths.

 
Figure 1. Depth of the Pachi bamboo root system after growing for four years.

The Pachi bamboo at the test site had grown for two years. After the in situ shear
test, we measured the root characteristics of Pachi bamboo. A small shovel was used to
carefully excavate the soil around the entire root system until it was fully exposed. The
investigation of the below-ground root system can be challenging and time-consuming,
and roots may break during excavation [40]. The length, diameter, and orientation of each
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root in the Pachi bamboo root system were recorded. Root orientation (θ) was measured as
the departure angle relative to the shear direction, ranging from 0◦ to 180◦. Root diameters
were measured using digital calipers with a resolution of 0.01 mm.

2.3. Mechanical Tests on Bamboo Root Systems and Testing Apparatus

The roots of Pachi bamboo exhibit a fibrous structure. In situ shear tests are well-suited
for evaluating the reinforcement of these roots when subjected to shear forces at specific
depths [39]. In situ shear tests were performed on soil samples permeated by the Pachi
bamboo root system. The shear box used had a width of 0.6 m and a thickness of 0.5 m, with
a shearing rate of 0.01 m/min. A test pit was excavated around the Pachi bamboo to match
the dimensions of the shear box. The shear box and its components were designed for easy
assembly in the field. A turbine wheel hoisting jack was employed to apply shear force to
the back side of the shear box. Shear displacement and pushing force were measured using
extensometers and load cells, with data recorded using a data logging system. The shear
plane was located at a depth of 0.3 m. A total of 5 in situ shear tests were conducted on
Pachi bamboo clusters in this study. Moreover, shear tests for five bare soil specimens were
also carried out. A photo of the in situ shear test is shown in Figure 2a.

  
(a) (b) 

Figure 2. The apparatus of in situ mechanical tests. (a) In situ shear test; (b) in situ pullout test.

Due to the fibrous nature of the Pachi bamboo root system, conducting pullout tests on
single roots is largely impractical. Therefore, testing the entire root system under external
forces near the ground surface is a more effective approach for assessing its anchorage
performance. With many culms above ground and the roots deeply entwined in the soil, it
is more practical to evaluate the pullout resistance of Pachi bamboo based on the bamboo
culms themselves. In this study, we conducted pullout tests on five bamboo cluster samples,
each with varying numbers of culms. The pullout test apparatus used a motor to apply the
pulling force at a rate of 0.01 m/min. A steel wire was used to apply the pulling force to the
root system beneath the bamboo shoots, and the pulling force could be applied vertically.
A total of five pullout tests were performed on the Pachi bamboo clusters in this study. The
soil moisture content for each specimen was measured after the experiments. A photo of
the in situ pullout test is shown in Figure 2b.

Tensile tests on individual roots serve as the fundamental method for determining
their tensile properties. In addition, the tensile properties of plant roots are crucial for
providing shear resistance in the soil [1,41]. In this study, thirty-seven tensile tests were
conducted on individual roots with uniform diameters ranging from 0.6 mm to 2.7 mm.
These roots were collected from various bamboo root systems, and the root diameter near
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the rupture location was measured. The relationship between root diameter and the tensile
strength of individual bamboo roots was established using the power function [42].

3. Results

3.1. Geometric Characteristics of Pachi Bamboo Root Systems

Figure 3 illustrates the root system of a Pachi bamboo cluster, characterized by nu-
merous near-vertical roots and short lateral roots. The longest root in the 2.2-year-old
bamboo cluster measured approximately 0.65 m, while the lateral roots were abundant
and concentrated in the top 0.15 m of the soil. Most root diameters were less than 4
mm, with the majority ranging between 1.5 and 2 mm. Figure 4 presents the statistical
distribution of number of roots and cross-sectional areas in various orientations within
the root system based on 5 root system specimens after the pullout tests. Around 42%
of the roots were near-vertical, positioned at angles between 70◦ and 110◦ relative to the
horizontal plane. Notably, near-vertical roots accounted for approximately 45% of the total
cross-sectional root area in the root system. The roots of Pachi bamboo are thin—typically
less than 3–4 mm in diameter—and highly flexible. When subjected to shear or pullout
forces, these roots may adjust their orientation within the soil matrix. Due to their slender
and pliable nature, Pachi bamboo roots are well-suited to mobilize tensile forces in response
to external loading, enhancing their contribution to soil reinforcement.

 
Figure 3. The Pachi bamboo root system at the test site (the numerals shown in the figures are in
units of centimeters; the blue tag in the photo is used to facilitate the counting of roots with different
diameters).

 
(a) 

Figure 4. Cont.
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(b) 

Figure 4. The geometrical distribution of the Pachi bamboo root system. (a) Number of roots vs.
root orientation; (b) cross-sectional area vs. root orientation (the black line at the end of the red line
represents the error bar).

3.2. Tensile Properties of Pachi Bamboo Roots

Potential errors may arise in the measurement of root diameter [43]. It is preferable to
present the mechanical properties of roots in terms of force instead of stress [43]. Figure 5a
illustrates the relationship between the maximum tensile force (Fult) and the diameter (D)
of Pachi bamboo roots. The elongation strain at the maximum tensile force varied between
10% and 17%. The relationship between the maximum tensile force (Fult) and root diameter
(D) is expressed mathematically as

Fult = (3.65)D2.59 R2 = 0.48 (1)

where Fult is in N, and D is in mm.

  
(a) (b) 

Figure 5. Tensile properties of Pachi bamboo roots. (a) Maximum tensile force; (b) elastic modulus.

In addition, Figure 5b presents the relationship between elastic modulus (E) of
Pachi bamboo roots and their diameter (D). This relationship is described by the
following equation:

E = (800.5)D−1.56 R2 = 0.39 (2)

where E is in MPa.
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3.3. Pullout Resistance of Pachi Bamboo Root Systems in Soil

Figure 6 illustrates the relationship between pullout force and pullout displacement
for Pachi bamboo root systems for five specimens. Table 1 summarizes the pullout test
results and the root system characteristics of the five bamboo cluster samples. The maxi-
mum pullout forces for bamboo roots with varying numbers of culms ranged from 285 N
to 1061 N, and the shear displacements occurred at about 56 mm to 95 mm. Among the
five Pachi bamboo cluster samples, 45%–59% of the roots were near-vertical.

 

Figure 6. Pullout force vs. pullout displacement of the Pachi bamboo root system.

Table 1. Pullout test results on the root system of Pachi bamboo.

Test
No.

No. of
Bamboo
Culms

The
Maximum

Pullout Force
(N)

The Cross-
Sectional
Area of
Culms
(mm2)

No. of
Roots

No. of Near-
Vertical
Roots

The Cross-Sectional
Area of Roots with

Rupture (mm2)

The
Cross-Sectional
Area of Roots

(mm2)

P1 12 748 715 185 105 109 419

P2 12 592 324 102 60 208 223

P3 18 703 962 99 45 194 200

P4 9 1061 509 110 54 322 322

P5 7 285 372 110 57 237 237

3.4. Shear Resistance of Pachi Bamboo Root Systems in Soils

Figure 7 depicts the relationship between shear stress and shear displacement for
five shear tests on Pachi bamboo root systems. The soil moisture contents for specimen
S1R, S2R, S3R, S4R, and S5R are 6%, 23.7%, 35.2%, 31.3%, and 32.5%, respectively. Table 2
summarizes the shear test results alongside the root system characteristics of the five
bamboo clusters. The soil moisture content for S1R specimen is considerably low compared
with other specimens, and its maximum shear stress reached 47.5 kPa. The S1R data will
be excluded from the following study on the correlation between the shear resistance and
the quantity of bamboo clusters and the root system.
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Figure 7. Shear stress vs. shear displacement of the soil permeated with Pachi bamboo root system.

Table 2. In situ shear test results of the Pachi bamboo root system.

Test No.
No. of

Bamboo
Culms

The
Maximum

Shear Stress
(kPa)

The Cross-
Sectional
Area of
Culms
(mm2)

No. of Roots
No. of Near-

Vertical
Roots

The Cross-
Sectional
Area of

Roots (mm2)

The Cross-
Sectional

Area of Near-
Vertical

Roots (mm2)

S1R 4 47.5 353.4 48 21 115 21

S2R 5 6.3 373.1 19 9 102 46

S3R 5 10.7 605.1 17 8 52 32

S4R 18 11.7 1370 136 43 362 118

S5R 12 15 1111 69 39 185 90

In addition, we carried out four shear tests for bare soil specimens. The soil moisture
contents for these specimens were 7.5% 9.1%, 33.4%, and 33.3%, and their shear strengths
were 27.5 kPa, 17.8 kPa, 10.32 kPa, and 10.45 kPa, respectively. The soil moisture content
considerably affects the shear strength of the soil. The soil moisture contents for the shear
tests on bamboo root soil specimens were in the range of 23~35%. Thus, the shear strength
of the bare soil with a soil moisture content of 33.3% can be used as a reference shear
strength for rooted soil.

3.5. Relationships Between the Characteristics of Pachi Bamboo and Root Reinforcement
3.5.1. Pullout Resistance of Pachi Bamboo Roots

Several factors, including the number of roots, root geometry, the spatial distribution
of the root system, and soil properties, influence the pullout resistance of plant roots. Pachi
bamboos typically grow in clusters of culms with dense root systems. Accurately estimating
the number of roots in a single bamboo is challenging; however, the number of culms,
which are typically uniform in diameter, can be easily identified in the field. In this study,
the culm diameters of Pachi bamboo ranged from 7.5 mm to 8.7 mm. This research aimed
to establish a correlation between the pullout resistance of bamboo root systems and the
number of bamboo culms.

Figure 8 illustrates the relationship between the maximum pullout force (Pult) of Pachi
bamboo root systems and the number of culms. The results indicate that the maximum
pullout force (Pult) increases with the number of culms. However, one test result (test P4 in
Table 1) showed significantly higher pullout resistance compared to the other data points,
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and the number of culms of the P4 specimen was 9. This unusually high pullout resistance
may be attributed to the lower soil water content in the corresponding soil specimen. To
enhance the reliability of the regression analysis, the data from Test P4 were excluded. The
equation representing the fitted relationship in Figure 8 is as follows:

Pult = 46.5(SN) R2 = 0.56 (3)

where Pult is the maximum pullout force (N), and SN represents the number of bamboo
culms in a single bamboo cluster. Additionally, Figure 9 demonstrates the positive relation-
ship between the maximum pullout force of the Pachi bamboo root system and the total
cross-sectional area of the culms in a cluster. The mathematical equation that fits the data
in Figure 9 is as follows:

Pult = 0.75(SA) + 100 R2 = 0.25 (4)

where SA is the total cross-sectional area (mm2) of culms in a Pachi bamboo cluster.

 
Figure 8. Maximum pullout force vs. number of bamboo culms in a bamboo cluster.

 

Figure 9. Maximum pullout force vs. cross-sectional area of bamboo culms in a bamboo cluster.

3.5.2. Shear Resistance of Soils Permeated with Pachi Bamboo Root System

Similar to the pullout resistance of bamboo roots discussed earlier, the number of
bamboo culms and their cross-sectional area can also be used to characterize the shear
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resistance of bamboo root systems in soil. Figure 10 illustrates the relationship between
the maximum shear resistance of the Pachi bamboo root system and the number of culms.
The results show that the maximum shear resistance increases with the number of culms.
However, one test result (test S1R in Table 2) exhibited significantly higher shear resistance
compared to the other data points due to a low soil water content. The data from test
S1R were excluded to refine the regression. The equation describing the fitted relationship
between maximum shear resistance and the number of culms is as follows:

Sult = 0.53(SN) + 5 R2 = 0.17 (5)

where Sult (kPa) represents the maximum shear resistance. Additionally, Figure 11 shows
the relationship between the maximum shear stress of the Pachi bamboo root system and
the cross-sectional area (SA) of the culms in a cluster. The mathematical equation for fitting
Sult (kPa) and SA (mm2) is as follows:

Sult = 0.01(SA) + 1.5 R2 = 0.26 (6)

 

Figure 10. Maximum shear stress vs. number of bamboo culms in a bamboo cluster.

 

Figure 11. Maximum shear stress vs. cross-sectional area of bamboo culms in a bamboo cluster.
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The characteristics of bamboo culms, such as the number of culms and cross-sectional
area, can be easily determined in the field. Using the equations developed in this study, the
shear resistance of soils with a Pachi bamboo cluster can be effectively estimated.

4. Discussion

4.1. Pachi Bamboo Root System Distribution

Monocot plant species, which are characterized by fibrous root systems—such as grass,
rice, maize, corn, barley, millet, and bamboo—typically develop lateral roots concentrated
in the topsoil [44]. As a result, their root reinforcement is confined mainly to very shallow
depths. In contrast, the Pachi bamboo exhibits a deep-rooting system, with roots extending
to depths on the order of meters. Consequently, the root reinforcement provided by the
Pachi bamboo is considered significantly deeper than that of the aforementioned species.

The Pachi bamboo root system grows in clumps, forming a dense network of thin
roots within each cluster. The bamboo roots intertwine intricately with the surrounding
soil, creating cohesive soil–root blocks that serve as natural reinforcements, enhancing the
soil’s structural stability. This unique root system plays a significant role in preventing
soil displacement and mitigating erosion. Researchers have highlighted the importance of
bamboo roots in soil stabilization and erosion control due to their distinctive characteristics
and adaptability to various environments [19,20]. Zhou et al. (2005) [19] noted that bamboo
is equipped with an extensive fibrous root system that integrates seamlessly with its
rhizomes. This root–rhizome network not only binds the soil but also effectively protects
shallow layers of soil from erosion caused by water and wind forces [19]. The combination
of its clumping growth pattern and fibrous root structure, shown in Figure 3, makes
Pachi bamboo particularly valuable for soil bioengineering techniques, including slope
stabilization, riverbank reinforcement, and degraded land rehabilitation.

The Pachi bamboo root system penetrates deeply into the soil, demonstrating its
capacity for soil anchorage and nutrient acquisition. Field observations, shown in Figure 1,
showed that the roots of Pachi bamboo extended to depths exceeding 1.6 m within just four
years of growth, highlighting its rapid development. Each bamboo cluster, composed of
7–18 culms, contains over 100 thin roots, which together form a dense and complex root
network. This dense rooting system differs significantly from that of broadleaf and conifer
trees, as the Pachi bamboo’s root distribution is highly specialized. Approximately 45–55%
of the roots within a cluster grow in a near-vertical orientation, allowing them to penetrate
deeply and anchor the plant securely in the soil. Additionally, investigations of 2.2-year-old
bamboo root systems revealed that a large number of roots grow in a single cluster and
are exceptionally fine, with diameters of less than 4 mm. This fine root structure facilitates
effective soil penetration and enhances soil–root cohesion, making it a favorable candidate
for applications in erosion control and slope stabilization. The findings of this study provide
quantitative insights into the geometric and functional characteristics of the Pachi bamboo
root system, offering valuable data for both ecological and engineering applications.

4.2. Tensile Property and Root Reinforcement

The root properties of bamboo have historically received limited attention, particularly
concerning the performance of bamboo root systems in soil reinforcement. Few studies
have explored the root reinforcement of natural bamboo root systems in detail. For instance,
Ma’ruf (2012) [45] conducted laboratory shear tests on soil samples permeated with Apus
bamboo roots, finding that the increase in soil shear strength was positively correlated with
the soil-root volume ratio. Remarkably, soil reinforced with Apus bamboo roots exhibited a
shear strength increase of up to 55% of the peak soil shear strength, even when the soil-root
volume ratio was as low as 5%. Additionally, Mulyanti et al. (2024) [46] reported that the

15



Forests 2025, 16, 832

tensile strength of bamboo roots ranged between 23 MPa and 45 MPa, while their water
content was approximately 85%–90%. Beyond soil reinforcement, bamboo root fibers have
also been utilized as reinforcements in composite materials by combining bamboo roots
with resins and catalysts [46].

The maximum tensile force of Pachi bamboo roots varies with root diameter, ranging
from 10 N to 60 N for root diameters between 1 mm and 3 mm. Figure 12 illustrates the
relationship between the maximum tensile force and root diameter for Pachi bamboo and
other fibrous root species, including maize, vetiver, ruzi grass, Italian ryegrass, perennial
ryegrass, and tall fescue. The results show that the maximum tensile force of Pachi bamboo
roots is generally slightly higher than that of the grass species and is comparable to that of
vetiver. Notably, several data points for Pachi bamboo exhibit higher tensile forces than
those of the other species.

In addition, the relationship of the elastic modulus vs. root diameter of tree roots
showed more intraspecific differences compared to the interspecific ones [47]. The elastic
modulus of Pachi bamboo roots is 800, 271, and 144 MPa at the root diameter of 1, 2, and
3 mm, respectively. A study by Cislaghi (2021) [47] focused on tree species. The Pachi
bamboo root’s elastic modulus is greater than that of most of the tree species presented by
Cislaghi (2021) [47] at the corresponding root diameter.

This study established relationships between the shear and pullout resistance of
Pachi bamboo root systems in the soil and the characteristics of bamboo culms. However,
determining the root area ratio (RAR) of the Pachi bamboo root system in the field remains
challenging due to the complexity of its root network. The RAR, often used in simple
root reinforcement models [1,2,41], is difficult to measure accurately for Pachi bamboo.
Conversely, the number and cross-sectional area of bamboo culms in a single cluster are
straightforward to count and estimate in the field, and the geometries of individual culms
are relatively uniform within a cluster. Based on this, the research presents novel equations
for estimating the root reinforcement of the Pachi bamboo root system using the number or
total cross-sectional area of bamboo culms in a cluster.

 

Figure 12. Comparison of root’s maximum tensile force vs. root diameter relationship between Pachi
bamboos and other fibrous root species [48–51].
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4.3. Exploring the Pachi Bamboo in Engineering Practice

Pachi bamboos grow densely in clusters within fields. After several years of growth, a
naturally planted bamboo cluster can develop a large number of culms. We investigated the
growth characteristics of a single Pachi bamboo cluster planted in 2015 with an initial count
of five to six culms. After ten years, this cluster expanded to approximately 550 closely
spaced culms. Each culm maintained a consistent diameter of about 20 mm. At ground
level, the cluster now spans a diameter of 1.88 m and reaches a height of 4.8 m, with
minimal spacing between individual culms. Based on these observations, planting Pachi
bamboo clusters—initially containing five to six culms per cluster—at intervals of 2 to 3 m
within bamboo clusters on sloped terrain could, over time, develop extensive root systems
that significantly reinforce the soil. This characteristic makes Pachi bamboo particularly
well-suited for preventing shallow soil failures on slopes.

4.4. Shortcomings and Outlook of the Study

This study presents findings on the root reinforcement characteristics of the Pachi
bamboo root system, along with the mechanical properties of its roots. While bamboo is
widely distributed globally—particularly throughout Asia—research on the mechanical
behavior of bamboo root systems remains limited. In this study, the number of in situ
shear and pullout tests conducted on Pachi bamboo roots was constrained by the labor-
intensive nature of specimen preparation. Nevertheless, the results provide a practical
and straightforward approach for evaluating root reinforcement by Pachi bamboo under
field conditions.

The methodologies developed in this study are applicable for assessing soil stability
on slopes and along riverbanks where Pachi bamboo is present, underscoring its potential
use in engineering applications related to erosion control and slope stabilization. Given
that bamboo frequently grows on sloped and rural lands, further research is warranted to
investigate the root reinforcement properties of Pachi bamboo at later stages of growth.
Such knowledge is essential for the sustainable management of bamboo forests and for
maximizing their ecological and engineering benefits.

5. Conclusions

This study examined the reinforcement properties of the Pachi bamboo root system
using in situ shear and pullout tests. The relationships between root diameter and both the
maximum tensile force and elastic modulus were quantified. Pachi bamboos grow densely
in clusters in the field. The root structure of Pachi bamboo is clumping roots, and it grows
deeply in the ground, reaching to 1.6 m in four years of growth. The numerous roots of Pachi
bamboo make it favorable in protecting against soil failure at shallow depths on slopes.

This study confirmed the hypothesis that the root reinforcement of Pachi bamboo
systems is correlated with the characteristics, quantity, and cross-sectional area of bamboo
culms in a cluster. Simple formulas were developed to estimate the shear and pullout
resistance of Pachi bamboo root systems, based on the characteristics, quantity, and cross-
sectional area of bamboo culms within a single cluster. The root system of Pachi bamboo
is characterized by its lateral limitations and deep soil penetration, making it potentially
effective for reinforcing slopelands.

Moreover, over a 10-year period, the number of culms within a single Pachi bamboo
cluster increases significantly, even within a relatively confined area. The root system
of Pachi bamboo demonstrates a strong capacity for reinforcing sloped terrain, offering
effective stabilization per unit area. These findings support the potential of Pachi bamboo
in enhancing soil stabilization and slope stability in engineering practice as well as in
bamboo forest management.
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Abstract: Pine wilt disease (PWD) poses a significant threat to pine forest health, making
sanitation thinning of infected trees and cultivation of disease-resistant pine stands crucial
measures for forest ecosystem restoration. To date, limited studies have systematically
investigated how post-sanitation planting of pine-wilt-disease-resistant Pinus species af-
fects soil microbiome, especially regarding bacterial and fungal diversity characteristics,
functional succession patterns, and community assembly processes. In this study, we
performed a comparative analysis of soil microbial community characteristics and bio-
chemical properties between experimental plots subjected to sanitation thinning and those
replanted with disease-resistant pine species. The results indicated that compared to the
sanitation-thinned experimental plot, the disease-resistant experimental plots (Pinus taeda
experimental plot and Pinus thunbergii experimental plot) exhibited significantly higher
activities of β-glucosidase (S-β-GC), N-acetyl-β-D-glucosidase (S-NAG), and soil arylsulfa-
tase (S-ASF). Compared with the sanitation logging stands, our analysis revealed that the
Pinus taeda experimental plot and Pinus thunbergii experimental plot exhibited significantly
higher fungal community evenness (OTUs), greater species abundance (OTUs), and more
unique fungal taxa. Furthermore, the edaphic properties—specifically soil moisture content
(SMC), pH levels, and total potassium (TK)—significantly influenced the structures of soil
bacterial and fungal communities. Compared to the sanitation-thinned experimental plot,
wood saprotrophic fungi and ectomycorrhizal fungi exhibited increased abundance in both
the P. taeda experimental plot and Pinus thunbergii experimental plot. Furthermore, the null
models indicated that both the P. taeda experimental plot and P. thunbergii experimental
plot enhanced the undominated processes of bacteria and fungi. In summary, our data
elucidate the differences in bacterial and fungal responses between pine forests undergoing
thinning due to infected trees and those cultivated for disease resistance. This deepens
our understanding of microbial functions and community assembly processes within these
ecosystems.

Keywords: PWD; soil microorganisms; soil properties; sanitation cutting; Pinus taeda; Pinus
thunbergii

1. Introduction

Pine forests are important ecological treasures on the planet, providing a variety
of ecological functions such as biodiversity conservation, carbon storage, soil and water
conservation, and timber resources [1,2]. Pine wilt disease (PWD) caused by Bursaphelenchus
xylophilus Steiner et Buhrer is devastating to pine trees, with infected specimens typically
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exhibiting rapid wilting followed by death within months [3]. The disease spreads with
alarming efficiency through its primary vector (Monochamus alternatus Hope), leading
to explosive outbreaks that can decimate entire pine forests [4]. Sanitation cutting, as
a critical management measure, effectively disrupts disease transmission by removing
weakened, dead, and B. xylophilus-infested host trees, significantly reducing the risk of
epidemic spread [5]. Timely sanitation felling can significantly reduce pine wilt disease
transmission risk by 69.28% [6,7]. Cultivating pine resistant to B. xylophilus enhances
forest resilience through genetic improvement. By selectively breeding resistant species
such as Pinus thunbergii Parlatore and Pinus taeda L.—including resistant cultivars like P.
thunbergii cv. Asuka—and integrating marker-assisted breeding techniques, sustainable
nematode-resistant pine ecosystems can be established [8,9]. To improve the ecological
benefits of pine forests, it is essential to rationally cultivate disease-resistant pine species
and implement scientific thinning practices to enhance biodiversity. These measures will
promote the formation of more stable forest communities and optimize their ecological
functions [10].

Soil microorganisms serve as pivotal regulators in terrestrial ecosystems, playing
indispensable roles in key ecological processes such as nutrient cycling, pathogen sup-
pression, and plant productivity enhancement [11]. As essential drivers of ecosystem
functioning, microbial communities sustain vital ecological services by facilitating nutrient
cycling, supporting primary production, and participating in climate regulation [12]. Re-
search demonstrates that alterations in soil biodiversity, particularly microbial diversity,
profoundly influence ecosystem functioning [13]. This positive correlation primarily stems
from niche complementarity, mutualistic interactions, and the suppression of pathogenic
microorganisms [14]. These findings underscore the central importance of soil microorgan-
isms in enhancing forest quality and restoring ecosystem vitality.

Generally, alterations in the soil microbial community structure reflect the ongoing
ecological dynamics between the organisms and their environmental context. Key factors
that significantly impact microbial communities encompass soil pH [15], soil moisture
content [16], organic carbon [17], nutrient availability (including carbon, nitrogen, phos-
phorus, and sulfur) [18], and biotic elements like plant diversity and specific cultivars [19].
In addition, β-glucosidase (S-β-GC), N-acetyl-β-D-glucosidase (S-NAG), and arylsulfa-
tase (S-ASF) serve as key functional enzymes in soil carbon, nitrogen, and sulfur cycling,
whose activities directly regulate soil microbial community functions and plant nutrient
availability [20]. The soil itself exhibits high diversity and heterogeneity (with variations in
composition and properties across different regions), and its various characteristics (such
as pH, nutrient content, moisture, organic matter, etc.) can directly or indirectly influence
the composition and activity of microbial communities [21,22]. Due to the intricate and
interconnected nature of these influencing factors, gaining a comprehensive understanding
of microbial community structure and function remains a significant challenge [23].

Microbial community assembly or community structure is shaped by a combination of
deterministic and stochastic ecological processes [24]. Deterministic processes (niche-based
theory) result from the predictable filtering effects on species of ecological selection im-
posed by biotic and abiotic factors that affect the fitness of organisms and thus determine
species composition and relative abundance [25]. In contrast, stochastic processes (neutral
theory) involve ecological drift (birth, death, immigration, speciation, and limited dispersal)
and are not the result of environmentally determined fitness [26,27]. However, current
research has predominantly focused on characterizing microbial communities in specific
ecosystems (e.g., marine, freshwater, and agricultural systems), while investigations into
the evolutionary assembly processes of microbial communities within forest disease man-
agement regimes remain notably limited [28–31]. Therefore, gaining a more profound
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understanding of how the thinning of pine trees infested with pine wood nematode and
cultivation of disease-resistant pine trees impact the assembly and diversity of soil mi-
crobial communities could significantly contribute to the preservation and restoration of
ecological biodiversity, particularly in the temperate forests of China.

The impact of current PWD control measures (selective thinning of infected trees and
planting of disease-resistant pines) on soil microbial communities in this region remains
poorly understood. To address this knowledge gap, this study collected soil profile samples
from these forest stands and employed high-throughput gene sequencing to characterize
the microbial community composition. This study sought to: (1) assess the effects of
management measures for PWD on the diversity of soil bacterial and fungal communities;
(2) identify the main environmental factors responsible for the diversity of soil bacteria and
fungi in pine forests after the implementation of the management measures; (3) track the
potential functions of soil bacterial and fungal communities after the implementation of
the management measures; and (4) elucidate the processes of assembling soil bacterial and
fungal communities after the implementation of the management measures.

2. Materials and Methods

2.1. Experimental Protocol and Sample Collection

The study was conducted in Jurong city, Jiangsu Province, located at 119◦13′ E, 32◦7′ N,
with a forest area of 314.14 ha. The climate of the study area is characterized by a subtropical
humid monsoon climate, featuring abundant sunlight, four distinct seasons, and obvious
mountain climate characteristics. The average annual temperature is 15.2 ◦C, and the
average annual precipitation is 1055.6 mm. The native forest type in this area was a mixed
Pinus massoniana Lamb and Larix principis-rupprechtii Mayr forest. Following the invasion
of B. xylophilus into the native forest, three experimental plots with similar site conditions
were established. The elevation difference between plots was less than 50 m, the slope
gradient difference was less than 10 degrees, and the soil type was yellow-brown earth.
The following integrated management measures were implemented over the past 20 years:
(1) sanitation felling to remove infected and weakened trees; and (2) replanting disease-
resistant species separately—P. taeda and P. thunbergii—in the experimental plots after
sanitation felling (detailed characteristics of the three plots are provided in Supplementary
Table S1). Since the implementation of these control measures, a comprehensive protection
system has been established in the study area, including disease monitoring and stand
management practices.

2.2. Soil Sampling

Based on plot accessibility, soil samples were collected in April 2024 using a five-point
sampling method. Specifically, within each of the three treatment plots—the sanitation
cutting treatment group (PMLG), P. taeda replanting group (PTL), and P. thunbergii replant-
ing group (PTP)—five biological replicates were established. At each sampling point, the
surface cover (including litter, humus, and living ground vegetation) was removed before
collecting soil samples at a 10 cm depth [32]. The obtained samples were evenly divided
into two portions: one for soil microbial community analysis and the other for soil physic-
ochemical property determination. For preservation, all samples were stored in an ultra-
low-temperature freezer at −80 ◦C. High-throughput sequencing analysis was performed
by Shanghai Majorbio Bio-Pharm Technology Co. (Shanghai, China) (www.majorbio.com
(accessed on 7 May 2025)).
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2.3. Determination of Enzymatic Activity and Physicochemical Properties of the Soil

The activities of aryl sulfatase (S-ASF), acid phosphatase (S-ACP), N-acetyl-β-D-
glucosidase (S-NAG), and β-glucosidase (S-β-GC), which are associated with the cycling
of sulfur, phosphorus, and carbon, were assessed using kits supplied by Suzhou Comin
Biotechnology ((www.cominbio.com (accessed on 7 May 2025)) [33]. For comprehensive
details regarding the methodology, please refer to the instructions available on the Suzhou
Keming Biotechnology Co. website. The soil water content (SWC, %) was determined by
drying at 105 ◦C, while the soil pH was measured with a pH meter after mixing the soil
and water (2.5:1) [34]. The soil organic carbon (SOC) and total nitrogen (TN) contents were
determined via an elemental analyzer (EA 3000, Vector, Redavalle, Italy), whereas the soil
total phosphorus (TP), total potassium (TK), and total sulfur (TS) contents were quantified
via an OLYMPUS XRF analyzer (made in Center Valley, PA, USA) [35,36]. All soil enzyme
activity data reported in this study were measured using air-dried soil samples. Soil
properties from the same sampling site (analyzed in the same project; see Supplementary
Material, Table S1) were included solely as supplementary variables for correlation analyses
with microbial communities and are not discussed in the main text.

2.4. DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing

A QIAamp kit was used for DNA extraction from different soil samples according to
the manufacturer’s instructions. The concentration and quality of the extracted DNA were
determined via a Thermo Scientific NanoDrop2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA), and the integrity of the extracted DNA was tested
via 1% agarose gel electrophoresis [37]. Using amplicon sequencing to identify fungi
and bacteria in soil, the primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′)/806R
(5′-GGACTACHVGGGTWTCTAAT-3′) were employed to amplify the V3-V4 region of
the 16S rRNA gene for bacterial community analysis, while the primer pair ITS1F (5′-
CTTGGTCATTTAGAGAGGAAGTAA-3′)/ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′)
was used to amplify the ITS1 region (Internal Transcribed Spacer 1) for fungal community
identification and analysis [38]. The PCR conditions consisted of denaturation at 95 ◦C
for 2 min, followed by 25 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 60 s; a 10
min extension at 72 ◦C for 10 min; a 10 min extension at 4 ◦C for 10 min; and an extension
at 72 ◦C for 10 min, followed by holding at 4 ◦C. The PCR products were detected via
electrophoresis on a 2% agarose gel and recovered by cutting the gel via an AxyPrepDNA
Gel Recovery Kit (AXYGEN, Union City, CA, USA) [38]. The PCR products were quantified
via the QuantiFluor™-ST Blue Fluorescence Quantification System (Promega, Madison,
WI, USA), with reference to the preliminary quantification results of electrophoresis. PCR
products were prepared with the NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, Austin,
TX, USA) and sequenced in paired-end mode (2 × 300 bp) on the Illumina MiSeq platform
(Illumina, San Diego, CA, USA). The original sequences were submitted and stored in the
NCBI Sequence Read Archive (SRA), with accession number SUB14777552.

2.5. Bioinformatics Analysis

First, we filtered fast for quality via FASTQ software (version 0.19.6) and merged it via
Flash (version 1.2.11) to merge with the following criteria: (i) filter out bases with quality
values below 20, set a window of 50 bp, and remove reads for bases containing N; (ii) merge
sequences with overlap times greater than 10 bp and allow a maximum mismatch of
2 bp; and (iii) qiime (version 1.9.1) was used for denoising, removing sequences annotated
to chloroplasts and mitochondria in the samples and thinning the resulting data via a
minimum sample sequence levelling process. We subsequently used Uparse (version 11) to
manipulate the classification units (OTUs) for annotation and finally used the RDP classifier

24



Forests 2025, 16, 813

(version 2.13) to compare the measured microbial data with the Silicon Valley data. The
measured microbial data were compared to the Silva 138 database (bacteria) and the Unite
9.0/its_fungi database (fungi), with a confidence threshold of 70% and an OTU sequence
similarity of 97%.

2.6. Statistical Analyses

First, we employed one-way analysis of variance (ANOVA) combined with false
discovery rate (FDR) correction to assess the significance of intergroup differences in soil
enzyme activities, physicochemical properties, and microbial α-diversity indices (Coverage,
Simpson, Shannoneven, Chao). Next, based on the Bray–Curtis distance matrix, we ana-
lyzed β-diversity differences at the OTU level using analysis of similarities (ANOSIM) and
principal coordinate analysis (PCoA). To identify differentially abundant taxa, we applied
linear discriminant analysis effect size (LEfSe) (LDA threshold > 2.5) and an all-against-all
multi-group comparison strategy to screen for significantly different bacterial/fungal taxa
(genus level) across the three sample types. To elucidate the influence of environmental
factors on soil microbial communities, we first screened environmental parameters us-
ing variance inflation factor (VIF < 20). Subsequently, redundancy analysis (RDA/CCA)
(default standardization) was performed in conjunction with the Bray–Curtis distance
matrix to reveal microbial community–environmental factor relationships. The relative
contributions of these factors were quantified using variance partitioning analysis (VPA).
Based on the abundance data of the top 500 OTUs, we constructed a Spearman rank corre-
lation network (|R| > 0.8, p < 0.05; implemented with the igraph package and visualized
using Gephi 0.9.1). Functional annotation was conducted using FUNGuild (for fungi) and
FAPROTAX (for bacteria) to identify indicator taxa significantly associated with composi-
tion/abundance [39,40]. We evaluated the roles of selection and dispersal in community
turnover by employing null model approaches. In doing so, we determined phylogenetic
and taxonomic beta diversity indices (β-nearest taxon index, βNTI) and utilized the Bray–
Curtis-based Raup–Crick metric (RCbray) to assess variations in both phylogenetic and
taxonomic diversity [41].

3. Results

3.1. Soil Enzyme Activities in Three Pine Plots

PMLG, PTL, and PTP showed significant differences in soil enzyme activities related
to carbon, nitrogen, and sulfur cycling. Notably, S-β-GC and S-NAG esterase were signifi-
cantly greater in PTL’s soils and PTP’s soils than in PMLG’s soils. S-β-GC was higher in
PTL’s soils than in PTP’s soils, and interestingly, the activity of S-NAG was the opposite in
both. In addition, compared to PMLG’s soils, S-ACP and S-ASF esterase activities in PTL’s
soil changed but not significantly (Table 1).

Table 1. Study of enzyme activities related to soil nutrient cycling in different Pinus plantations.

Foresty-Type S-β-GC (umol/d/g) S-NAG (umol/d/g) S-ACP (umol/d/g) S-ASF (umol/d/g)

Mixed pine forests 2.71 ± 1.87 b 7.96 ± 1.23 c 17.48 ± 1.70 a 0.66 ± 0.07 b

Pinus thunbergii forests 17.06 ± 3.36 a 18.83 ± 1.67 b 21.72 ± 8.99 a 1.99 ± 0.56 a

Pinus tada forests 12.12 ± 1.08 b 27.72 ± 7.26 a 21.52 ± 3.66 a 1.22 ± 0.166 b

Note: The difference identification symbols (such as a, b, c) are used to indicate significant differences between
different treatment groups or samples. S-β-GC: β-glucosidase; S-NAG: N-acetyl-β-D-glucosidase; S-ACP: acid
phosphatase; S-ASF: aryl sulfatase.
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3.2. Bacterial and Fungal Community Composition and Diversity

A total of 8255 bacterial OTUs and 3913 fungal OTUs were obtained from the 15 soil
samples, and the P. taeda replanting group (PTL) soil microorganisms had the highest
abundance of fungi (61.03% of the total fungal OTUs) and bacteria (65.18% of the total
bacterial OTUs) (Figure S1a,b). The minimum coverage index for each sample exceeded
99.80%, indicating sufficient sequencing depth and high coverage (Figure 1c). The fungal
communities in the soil samples comprised Basidiomycota, Ascomycota, and Mortierel-
lomycota (total abundance > 87%) (Figure 1a). Furthermore, Proteobacteria, Acidobacteria,
Actinobacteria, and Chloroflexi (total abundance > 76%) were dominant in all samples
(Figure 1b).

Figure 1. Phylum-level taxonomic structure and α-diversity (OTUs) of soil microbial communities
across the three plantation plots. (a) Relative abundance of major taxa at the fungal level. (b) Relative
abundance of major taxa at the bacterial level. (c) Simpson and Coverage indices in fungi. (d) Shan-
noneven and Chao indices in fungi. Notes: PMLG: sanitation cutting treatment group; PTL: Pinus
taeda replanting group; PTP: Pinus thunbergii replanting group. Lowercase letters indicate significant
differences (p < 0.05) between different plantations.

Replanting with P. taeda or P. thunbergii after sanitation cutting significantly enhances
the richness and diversity of soil fungal communities. α-diversity analysis revealed that
both the P. taeda replanting group (PTL) and P. thunbergii replanting group (PTP) exhibited
significantly higher soil microbial Chao index (richness) and Shannoneven index (diversity)
compared to the sanitation cutting treatment group (PMLG) (Figure 1d). Notably, however,
the sanitation cutting treatment group (PMLG) displayed the highest Simpson index
(dominance), with statistically significant differences (p < 0.05) from the other plots in
soil. Although the Shannon index, Chao index, and Simpson index showed differences in
bacterial abundance in the three plots, none reached statistical significance (Figure 1c,d) (p
< 0.05).
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3.3. Beta Diversity

The results of principal component analysis (PCA) (Figure 2a) showed that the fungal
community structure differed significantly among the three habitats (R = 0.9902, p = 0.001),
with axis 1 and axis 2 explaining 36.72% and 18.07% of the variance in the community
structure, respectively. Bacterial community structure differed significantly among the
three habitats (R = 0.4941, p = 0.001), with axis 1 and axis 2 explaining 43.84% and 13.55%
of the variance in community structure (Figure 2b).

Figure 2. Changes in the soil microbial community structure in three pine plots. (a) PCoA of
differences in fungal community structure. (b) PCoA of differences in bacterial community structure.
Analysis of LEfSe species differences in fungal (c) and bacterial (d) communities. Note: * indicates a
significance level of p < 0.05, ** indicates a significance level of p < 0.01, *** indicates a significance
level of p < 0.001. PMLG: sanitation cutting treatment group; PTL: Pinus taeda replanting group; PTP:
Pinus thunbergii replanting group.
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The soil microbial community data were analyzed from the phylum to species level
using LEfSe method to find the species that differed significantly in abundance between
groups, of which there were 19 fungal genera with LDA scores greater than 2.5, as shown
in Figure 2c. Among them, 6 genera were significantly enriched in the P. taeda replanting
group (PTL), 3 genera were significantly enriched in the P. thunbergii replanting group
(PTP), and 10 genera were significantly enriched in the sanitation cutting treatment group
(PMLG). From the species evolution analysis, the genera significantly enriched in PTL
were mainly from Chytridiomycota; the genera significantly enriched in PTP were mainly
from Kickxellomycota and Mucoromycota. In terms of soil bacteria, there were 10, 4, and
10 genera significantly enriched in PMLG, PTP, and PTL respectively. From the species
evolution analysis, the genera significantly enriched in PTL were mainly from Chloroflexi,
Desulfobacterota, Gemmatimonadata, and Methylomirabilota; the genera significantly
enriched in PTP were mainly from Dadabacteria; and the genera significantly enriched in
PMLG were mainly from Actinobacteriota (Figure 2d). This suggests that the soil-enriched
species-specific taxa differed significantly among the three habitats.

3.4. Correlations of Soil Microbial Communities with Environmental Variables

To investigate the effects of replanting disease-resistant P. thunbergii and P. taeda
after sanitation cutting on soil microbial community structure, we performed redundancy
analysis (RDA) to examine the relationships between microbial community composition
and nine key environmental variables (including five soil physicochemical properties and
four enzyme activity indicators) that were pre-selected through variance inflation factor
(VIF) analysis (Tables S2 and S3).

Among the environmental variables, S-ASF exhibited the longest vector length in
the RDA biplot, followed by SMC (r2 = 0.7213, p < 0.002) and pH (r2 = 0.7638, p < 0.001),
indicating their most significant influence on soil fungal communities. In contrast, TP and S-
β-GC showed the shortest vectors, demonstrating minimal impact on bacterial communities
(Figure 3a). Variance partitioning analysis (VPA) revealed that soil enzyme activity was
the primary driver of fungal community variation, accounting for 5.21% of the explained
variance, while soil nutrients contributed 23.55% (Figure 3b). Notably, the three treatment
groups formed distinct clusters in the ordination space, suggesting that replanting with
disease-resistant pines significantly altered soil fungal communities, resulting in unique
community characteristics for each group. In bacterial communities, SMC (r2 = 0.6525,
p < 0.004) displayed the longest vector, followed by TK (r2 = 0.5333, p < 0.009), highlighting
their strong influence. S-β-GC showed the shortest vector, indicating negligible effects
(Figure 3c). Interestingly, in contrast to fungal communities, soil physicochemical properties
emerged as the dominant factor explaining bacterial community variation, with enzyme
activity and soil nutrients explaining 10.90% and 23.52% of the variance, respectively
(Figure 3d).
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Figure 3. Associations between microbial communities and environmental factors. (a) Redundancy
analysis of fungal community structure and its relationship with soil properties. (b) Variance
partitioning analysis (VPA) of fungal communities showing the contributions of environmental
factors to fungal communities. (c) Redundancy analysis of the bacterial community structure and
its relationship with the soil properties. (d) Variance partitioning analysis (VPA) of the bacterial
community showing the contributions of environmental factors to the bacterial community. PMLG:
mixed pine forests; PTL: Pinus tada forests; PTP: Pinus thunbergii forests.

3.5. Potential Functional Structure of Different Microbial Communities

The three most abundant functional characteristics in the sanitation cutting treatment
group (PMLG), P. taeda replanting group (PTL), and P. thunbergii replanting group (PTP) are
undefined saprotroph, ectomycorrhizal, and endophyte–litter saprotroph–soil saprotroph–
undefined saprotroph (Figure 4a). Compared to the PMLG group, the PTL and PTP groups
showed a significant increase in the relative abundance of endophyte–litter saprotroph–soil
saprotroph–undefined saprotroph (ELSSUS), wood saprotroph (WS), and ectomycorrhizal
(EC) fungi. While the top five functions of soil bacterial relative abundance were not
significantly different in the three experimental plots., we observed significant differences in
the functions of the other bacterial communities (Figure 4b). Compared to PMLG, PTP had
significantly higher functional taxa of bacterial denitrification, nitrous oxide denitrification,
and nitrite denitrification in soil bacterial community function (Figure 4d). Only the
anoxygenic_photoautotrophic were significantly increased in the bacterial community
functions of PTL compared to PMLG (Figure 4c).

3.6. Deterministic and Stochastic Assembly of Soil Microbial Communities

The β-NTI and RCbray values, as determined between the samples, elucidate the
ecological processes governing microbial communities.

Although the βNITs of the sanitation cutting treatment group (PMLG) soil microbial
communities were not significantly different from those of the P. taeda replanting group
(PTL) and P. thunbergii replanting group (PTP) (p > 0.05), their medians were all less than 2,
suggesting that stochastic processes mainly control the formation of soil fungal commu-
nities (Figure 5a). Significant changes in soil bacterial community assembly occurred in
PTP and PTL compared to PMLG. Although homogenizing dispersal contributed to the

29



Forests 2025, 16, 813

bacterial community composition in PMLG, the bacterial community composition that de-
termined PMLG remained dominated by stochastic processes (homogenizing dispersal and
undominated) (Figure 5b). The magnitude of undominated soil increased in the order PTL
> PTP > PMLG, and it played a significant role in the composition of bacterial communities.

Figure 4. Functional predictive analyses of bacterial communities and bacterial communi-
ties. (a,b) FUNGuild functional prediction component difference tests for fungal communities.
(c,d) FAPROTAX functional prediction component difference tests for bacterial communities. Notes:
The difference notation symbols (such as a, b, c) are used to indicate significant differences among
different treatment groups. * indicates a significance level of p < 0.05, ** indicates a significance
level of p < 0.01, *** indicates a significance level of p < 0.001. US: undefined saprotroph; ELSSUS:
endophyte–litter saprotroph–soil saprotroph–undefined saprotroph; EC: ectomycorrhizal; FPUS:
fungal parasite–undefined saprotroph; WS: wood saprotroph; EUS: ectomycorrhizal–undefined
saprotroph. PMLG: sanitation cutting treatment group; PTL: Pinus taeda replanting group; PTP: Pinus
thunbergii replanting group.
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Figure 5. Distribution of β-NTI values for fungal (a) and bacterial (b) community comparisons. Notes:
* indicates a significance level of p < 0.05. ns indicates a significance level of p > 0.05. PMLG: sanitation
cutting treatment group; PTL: Pinus taeda replanting group; PTP: Pinus thunbergii replanting group.

4. Discussion

4.1. Effects of Infected Wood Harvesting and Planting of Disease-Resistant Pine Trees on Soil
Enzyme Activity

Planting pines such as P. thunbergii and P. taeda has been shown to increase soil
microbial activity and soil organic matter decomposition, which leads to a raise in soil
enzyme activities [42,43]. This largely explains the increase in soil enzyme activities
commonly observed after planting disease-resistant pine trees. β-Glucosidase catalyzes
the hydrolysis and biodegradation of various β-glucosides present in plant residues and
is a major source of carbon for the growth and activity of soil microorganisms [44]. The
soil β-glucosidase (S-β-GC) activity was significantly greater in P. thunbergii plots and P.
taeda plots than in sanitation cutting plots (Table 1), and planting P. thunbergii resulted
in a 459% increase in the soil SOC content. This phenomenon may be attributed to the
active participation of soil microorganisms in the decomposition and transformation of
organic matter through a variety of metabolic pathways that contribute to the stabilization
of organic carbon, thereby affecting soil carbon storage and turnover [45]. Soil S-NAG
catalyzes the hydrolysis of N-acetyl-β-D-glucosamine to release nitrogen from the soil;
however, high levels of SOC promote nitrogen release. Therefore, the activity of soil
S-NAG in P. taeda plots increased [46]. The soil arylsulfatase activity decreased with
increasing TS content after replanting pine trees after sanitation cutting. A lower TS content
stimulates microbial communities to produce high-quality S-ASF to increase the soil S
content, resulting in lower S-ASF activity in sanitation cutting plots than in P. thunbergii
plots and P. taeda plots [47].
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4.2. Microbial Communities and Their Diversity

Research indicates that planting P. taeda or P. thunbergii after sanitation logging can
effectively restore the richness and diversity of soil fungal communities. This aligns with
the findings of Lin et al., who observed that while thinning temporarily suppresses fungal
diversity, reforestation facilitates its recovery [48]—a trend consistent with the observations
in the P. taeda and P. thunbergii sample plots of this study. The soil fungal community was
dominated by Basidiomycota, Ascomycota, and Mortierellomycota, while the bacterial
community was primarily composed of Proteobacteria, Acidobacteria, Actinobacteria, and
Chloroflexi. These findings align with global studies on forest soil microbiomes [49], where
Basidiomycota and Ascomycota are recognized as core fungal phyla in forest ecosystems,
playing key roles in lignin degradation and symbiotic relationships [50]. Meanwhile,
the enrichment of Proteobacteria and Acidobacteria is typically associated with organic
matter decomposition and acidic soil conditions [51]. Notably, the high abundance of
Mortierellomycota may be linked to root exudates from P. taeda in our study sites, as this
phylum is known to form mutualistic relationships with plant roots [52]. Similarly, the
enrichment of Chloroflexi in the P. thunbergii replanting group (PTP) likely reflects their
adaptation to pine litter decomposition.

4.3. Relationships Between Soil Properties and Microorganisms

Microbial and soil properties are intricately linked, and changes in soil nutrients and
soil enzyme activities affect the abundance of microbial communities [53]. Compared with
the sanitation cutting treatment group (PMLG), the soil enzyme activities of S-NAG and
S-β-GC in the Pinus taeda replanting group (PTL) and Pinus thunbergii replanting group
(PTP) were significantly increased, which was probably due to the relative increase in
difficult-to-degrade organic carbon as a result of mesquite logging [54]. However, the
higher moisture content in the sanitation cutting treatment group (PMLG) compared to the
Pinus taeda replanting group (PTL) and Pinus thunbergii replanting group (PTP) indicates
greater plant diversity and unfragmented litter content, which contributes to its ability to
retain higher water levels [55].

The results of RDA suggested that the microbial community showed a significant
correlation with SMC, pH, and TK. Changes in soil water content directly affect the com-
position and structure of microbial communities, and drought increases the abundance
and diversity of fungal communities. SMC affects the community structure of soil mi-
croorganisms, and fungi gradually dominate the microbial community under drought
conditions [56]. The study proved that SMC was the most important driver of soil fungal
community changes in the region. The effect of TK on the bacterial community may be due
to the ability of soil bacteria to promote the solubilization of insoluble potassium through
the decomposition of minerals, so that soil bacteria have a more adequate supply of potas-
sium, which in turn promotes the growth and reproduction of soil bacteria and enhances
the biological activity of the soil [57]. Previous studies have established that soil pH is
the most significant factor influencing the composition of the soil microbial community
in the region [58]. In our findings, compared with the sanitation cutting treatment group
(PMLG), the Pinus taeda replanting group (PTL) and Pinus thunbergii replanting group (PTP)
showed an important change in pH. As a general rule, pH is a crucial factor influencing the
structure of the soil fungal community; however, it exerts no significant influence on the
bacterial community [59]. This may be due to the fact that the Acidobacteria gates in the
soil affected the results of the experiment.
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4.4. Functional Changes in Soil Microbial Communities

The findings of this study demonstrate a significant increase in the relative abundance
of ectomycorrhizal fungi in both the P. taeda replanting group (PTL) and P. thunbergii re-
planting group (PTP). This phenomenon suggests that the replanting of disease-resistant
pine trees may exert a positive influence on the structure of soil microbial communities. Ec-
tomycorrhizal fungi form mutualistic symbiotic relationships with plant roots, substantially
enhancing the host plant’s efficiency in nutrient and water uptake [60]. Previous studies
have confirmed a significant positive correlation between ectomycorrhizal fungi abundance
and plant health status as well as growth indicators [61]. Notably, the abundance of the
endophyte–litter saprotroph–soil saprotroph–undefined saprotroph functional guild also
exhibited an increasing trend. This guild plays a pivotal role in litter decomposition and
organic matter mineralization, and its elevated abundance may indicate that the replanting
measures have enhanced soil organic matter breakdown and nutrient cycling efficiency [62].
Concurrently, the observed variation in wood saprotroph abundance could be linked to
increased woody debris input following replanting. These taxa contribute to carbon cycling
through lignin and cellulose decomposition [63]. Denitrifiers exhibited significantly higher
abundance in the P. thunbergii replanting group (PTP). As crucial nitrogen-cycling agents,
this increase likely reflects enhanced soil nitrogen transformation following replanting,
potentially driven by elevated soil organic matter and improved microenvironments [64].
Anoxygenic phototrophs showed distinct enrichment in the P. thunbergii replanting group
(PTP), suggesting potential adaptation to altered light availability and organic matter
composition in surface soils post-replanting [65].

4.5. Soil Microbial Community Assembly

The processes influencing the composition of soil microbial communities are pivotal
to the study of microbial ecology [24]. Microbial community assembly is governed by
the processes affecting constituent species, such as selection, drift, speciation, and disper-
sal [66]. Dispersal and species formation are influenced by both stochastic and deterministic
factors [67]. Our findings indicate that although undominated processes in microbial com-
munity assembly were attenuated in the Pinus taeda replanting group (PTL) and Pinus
thunbergii replanting group (PTP) compared to the sanitation cutting treatment group
(PMLG), bacterial homogenizing dispersal was significantly increased in the sanitation
cutting treatment group (PMLG). Undominated processes played a significant role in the
assembly of the microbial community compared with homogenizing dispersal. Moreover,
bacterial communities, which tend to have broader niches, were more significantly in-
fluenced by homogenizing dispersal than were fungal communities [68]. Compared to
fungi, bacterial community composition is relatively increased by homogenizing dispersal,
which may be the result of decomposing difficult-to-degrade organic matter to provide
substrate for symbiotic utilization by bacteria [69]. In addition, higher SMC suppresses
fungal abundance and diversity, which may be why diffusion limitation in the sanitation
cutting treatment group (PMLG) is important for microbial community assembly [70].
The stochastic nature and unpredictability of microbial composition are heightened by
reduced resource competition, ecological niche selection, and amplified preferential attach-
ment effects [71]. To better mechanistically understand the role of environmental factors
in driving microbial communities in the intercropping of infected trees and planting of
disease-resistant pine forests, future studies need to consider incorporating local factors
into temporal sampling designs.
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5. Conclusions

Our results showed that after pine forests were infested by pine wood nematode, by
either inter-planting infected wood (sanitation-thinned experimental plot) or cultivating
new pine forests resistant to the disease (P. thunbergii and P. taeda), there were significant
differences in the structure and function of the soil microbial communities, especially
the 468 fungi. The activities of enzymes such as β-glucosidase (S-β-GC), N-acetyl-β-D-
gluco-sidase (S-NAG), and aryl sulfate (S-ASF) were significantly higher in the Pinus
taeda experimental plot and Pinus thunbergii experimental plot compared to the sanitation-
thinned experimental plot. In addition, the bacterial and fungal communities in the
Pinus taeda experimental plot and Pinus thunbergii experimental plot significantly differed
from the soil bacterial and fungal communities in sanitation-thinned experimental plot
because of their significant β-diversity, different indicator groups, and unique functional
properties. Soil moisture content, pH, and total potassium were the most important
factors affecting the process of bacterial and fungal community assembly in soil. Wood
saprotrophic fungi and ectomycorrhizal fungi exhibited increased abundance in both
the P. taeda experimental plot and Pinus thunbergii experimental plot. Zero-modeling
analyses indicated that undominated processes were among the major processes involved
in microbial community assembly. Dispersal limitation and homogenizing dispersal played
important roles in fungal and bacterial community assembly in the sanitation-thinned
experimental plot, respectively, but their roles were diminished in the P. taeda experimental
plot and Pinus thunbergii experimental plot. In the context of management measures taken
after the occurrence of pine wood nematode disease, these results provide new insights into
the understanding of soil microbial changes and contribute to the continued development
of sustainable management of pine forest ecosystems.
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Abstract: Acid rain and understory vegetation removal are critical drivers altering soil
ecosystem alterations. However, the mechanisms by which these factors influence soil
moisture dynamics, nutrient availability, and microbially mediated enzyme activities re-
main insufficiently elucidated. This study investigated the impacts of simulated acid rain
and understory vegetation removal on soil properties, enzyme activities, and microbial
community in a subtropical Cinnamomum camphor (Linn) Presl plantation. The results
indicated that acid rain and understory vegetation removal significantly decreased the
soil organic carbon (SOC) while concurrently elevating the C-acquiring enzyme activities
and microbial C limitation. Understory vegetation removal markedly reduced the soil
moisture, nutrient availability, and N- and P-acquiring enzyme activities. Addition-
ally, acid rain increased the bacterial diversity, but the understory vegetation removal
increased the fungal diversity. Moreover, both acid rain and understory vegetation
removal enhanced the bacterial community deterministic processes and destabilized the
community by shifting generalists toward specialists, but had no significant effect on
the fungal community structure. Partial least squares path modeling revealed that the
bacterial stability loss intensified the C limitation, while the fungal stability regulated
the P limitation. Collectively, the findings highlighted the critical role of understory
vegetation in buffering the soil microclimate and nutrient cycling, and demonstrated
that bacterial communities are more responsive to acid rain and understory vegetation
removal than fungal communities. This study provides insights into the mechanisms
by which anthropogenic disturbances alter soil ecological functions in subtropical plan-
tations, emphasizing the need for integrated forest management strategies to conserve
and manage soil ecosystems in subtropical plantations.

Keywords: anthropogenic disturbances; microbial community; enzyme stoichiometry;
nutrient availability; subtropical plantations

1. Introduction

Acid rain, one of the most pervasive anthropogenic environmental stressors, has
attracted widespread concerns due to its negative impact on ecosystems [1–3]. Soil, as an
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essential component of forest ecosystems, is highly susceptible to external environmen-
tal disturbances [4,5]. Numerous studies have shown that acid rain can accelerate soil
acidification, reduce nutrients availability, and elevate toxic aluminum (Al3+) levels, thus
destabilizing soil structure and functions [1,3,6]. Soil microorganisms and enzymes play
central roles in soil ecological processes, such as carbon (C) sequestration and nutrient
cycling, and their activities are sensitive to environmental changes, such as acid rain [7,8].
In general, soil acidification caused by acid rain can inhibit microbial activity, reduce micro-
bial biomass, and, subsequently, alter microbial communities and enzyme activities [9,10].
Existing studies have also suggested that soil microbial activity and enzyme activities can
be directly suppressed by acid rain, thus influencing soil ecological functions [6,10,11]. For
instance, Wang et al. reported that acid rain decreased soil hydrolytic enzyme activities
and then slowed the rate of litter decomposition [6]. A meta-analysis also indicated that
acid rain inhibited the growth of soil microbes and reduced soil enzyme activities [10,12].
In addition, acid rain can indirectly influence soil microorganisms and enzyme activities by
influencing plant diversity, as well as the aboveground and underground biomass [1,13,14].
Meanwhile, for plants, as the main interceptors and receptors of acid rain, the understory
vegetation modulates acid rain’s impacts on soil microorganisms and enzymatic processes
to some extent [14,15].

Understory vegetation, as an essential components of forest ecosystem, is crucial to
the processes and functions of forest ecosystems, like ecosystem productivity, nutrient
cycling, and water conservation [14,16]. To decrease competition between canopy trees
and understory vegetation, removing the latter has been a traditional forest management
practice, particularly in plantations [17,18]. However, the removal of understory vegetation
can alter the soil microenvironment and nutrient availability, which greatly impact the
soil microbial community and enzyme activities [14,19]. For instance, several studies have
reported that root exudates and litter from understory vegetation exert substantial impacts
on soil nutrient dynamics (the content and bioavailability) [20,21], and, subsequently, result
in significantly negative, positive, or no effects on soil enzymatic activities and microbial
biomass [19,22–24]. These studies indicated that the effects of understory vegetation
removal on microorganisms and soil enzyme activities exhibit significant variability across
ecosystem types and environmental conditions, and needs further study.

Soil microorganisms, particularly bacteria and fungi, are recognized as important reg-
ulators of nutrient cycling and sensitive to external environmental disturbances. However,
bacterial and fungal communities responded differently to acid rain or understory vege-
tation removal in forest ecosystems [25,26]. Microbial communities typically derive their
energy from soil organic matter (e.g., organic matter mineralization) [27,28]; yet, bacteria
and fungi have different metabolic preferences, where bacteria are normally characterized
by using labile C resources, while fungi exhibit greater metabolic efficiency in processing
recalcitrant C compounds [29,30]. Moreover, fungi generally have a considerably higher
osmotic stress tolerance capabilities than bacteria [30,31]. Consequently, bacterial commu-
nities may be more responsive to acid rain or understory vegetation removal than fungal
communities, due to the fact that bacteria are more susceptible to the soil microenvironment
and nutrient availability [25,32]. Extracellular enzymes, secreted by soil microorganisms,
are protein catalysts that drive essential ecological processes, including the decomposition
of soil organic matter and the biogeochemical cycling of nutrients, such as C, nitrogen (N),
and phosphorus (P) [7,33]. Consequently, the changes in the soil microbial community,
combined with modifications to the nutrient availability, can alter extracellular enzyme
secretion and their stoichiometry (e.g., the vector length and vector angle). Furthermore,
we speculate that soil enzyme stoichiometry is closely related to the microbial community.
However, in subtropical Cinnamomum camphor (Linn) Presl (C. camphor) plantations, the
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underlying mechanism by which the alterations in the soil moisture and nutrient avail-
ability, driven by distinct environmental stressors like acid rain and understory vegetation
removal, regulate microbial community dynamics and enzyme activities remain poorly
understood, necessitating further investigation.

In this study, we carried out a simulated acid rain experiment combined with under-
story vegetation removal in a subtropical C. camphor plantation forest located in Jishou,
a region within southwestern China severely impacted by acid rain [34], to assess the
effects of acid rain and understory vegetation removal on the soil microbial community and
enzyme activities and stoichiometry, while elucidating their relevance. Specifically, we hy-
pothesized that (1) the soil bacterial community would be more responsive to acid rain and
understory vegetation removal than the soil fungal community; (2) soil enzyme activities
and their stoichiometry would be significantly affected by the soil microbial community.
By elucidating these mechanisms, this work aims to provide sustainable management
practices that conserve soil ecological functions in subtropical plantations.

2. Materials and Methods

2.1. Study Site Description

The study was implemented in a subtropical C. camphor plantation located at 28◦17′ N,
109◦43′ E, with an elevation of 258 m above sea level. The study site spanned 1000 m2

adjacent to Jishou University in Jishou City, China. The mean annual temperature is about
16.5 ◦C, the mean annual precipitation is about 1400 mm–1800 mm, primarily falling during
the rainy reason from April to June, and the mean annual humidity is about 82%. The soil
is commonly classified as Ultisol, which is primarily developed from limestone [35]. The
soil moisture content, pH, total organic C, and ammonium nitrogen is about 25.81%, 6.26,
40.93 g/kg, and 35.05 mg/kg, respectively.

The C. camphor plantation, established 40 years ago on land cleared from a Pinus mas-
soniana forest, has an understory vegetation coverage of approximately 85%. The current
understory plants are dominated by five fern species (Cyclosorus acuminatus, Arachniodes
rhomboidea, Polystichum tsus-simense, Cyrtomium fortunei, and Microlepia marginata), a palm
(Trachycarpus fortunei), and a grass (Veronicastrum stenostachyum). These species play crit-
ical roles in maintaining ecosystem functions, including nutrient cycling, soil and water
conservation, and so on [14,35]. Some other plantation characteristics were recorded in
prior studies [35,36].

2.2. Experimental Design and Soil Sampling

In January 2023, four 10 m × 10 m plots, characterized by similar site conditions,
were established within the C. camphor plantation, with each plot separated by >20 m.
Each plot has four 1 m × 1 m subplots, separated by more than 2 m buffer zones to mini-
mize cross-treatment interference. Briefly, we conducted a complete factorial combination
experiment of simulated acid rain and understory vegetation removal to give a total of
four treatments. The treatments included (1) the control (CK, no acid rain and understory
vegetation removal), (2) acid rain only (AR), (3) understory vegetation removal only (UR),
and combined acid rain and understory vegetation removal (UA), with four replicates for
each treatment in the C. camphor plantation.

The mother solution (0.1 mol/L) of acid rain was formed using H2SO4 (98, wt%) to
avoid nitrogen fertilizer effects. The mother solution was then diluted with deionized
water to obtain a pH = 4.0 for the simulated acid rain. For the AR and UA, 2 L simulated
acid rain was sprayed on each subplot every 15 days [26], while the UR and CK received
an equivalent volume of deionized water. For the UR and UA, the shoots and visible roots
on the surface of all understory vegetation were manually excised using machetes. Each
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month, germinating understory vegetation were removed manually during the experiment.
The experiment lasted for 18 months (from January 2023 to July 2024).

In July 2024, the topsoil (0–10 cm) was sampled via a five-point method [2], put into
plastic bags, mixed thoroughly, and then the 16 soil samples were immediately transported
back to the laboratory in an icebox. After taking out visible stones and plant residues, the
soil samples were sieved (2 mm mesh) and then split into three parts. The first part was
air-dried for soil physicochemical properties analysis, the second part was kept fresh for
soil enzymatic activity determination, and the third part was stored at −80 ◦C to examine
the soil microbial community.

2.3. Soil Physicochemical Property, CO2 Release, and Enzyme Analysis

The soil moisture content (MC) was assessed by drying a fresh soil sample at 105 ◦C
for 48 h. The soil pH was determined using a pH meter after shaking soil/deionized water
(w/v) suspensions at a ratio of 1:2.5 for 30 min. The soil ammonium nitrogen (AN) was
measured using a continuous flow autoanalyzer (AA3, iFIA, Beijing, China) following ex-
traction with 2 mol/L KCl. Dissolved organic carbon (DOC) was extracted with a 0.5 mol/L
K2SO4, passed through a 0.45 μm filter, and then measured via a TOC analyzer (TOC-L,
Shimadzu, Kyoto, Japan). The soil organic carbon (SOC) was analyzed using dichromate–
sulfuric acid oxidation method [37]. The soil total nitrogen (STN) was determined through
the Kjeldahl method [37]. The soil total phosphorus (STP) was analyzed colorimetrically
after the soil was digested with H2SO4-HClO4 solution [37].

Approximately 0.5 g of fresh soil was placed in a sealed flask and then incubated
in 25 ◦C darkness for 2 days. The released CO2 was absorbed using a 0.5 mol/L NaOH
solution and titrated by using 0.05 mol/L HCl. The released CO2 was expressed as
μmol·g−1dry soil·d−1.

The potential activity of the extracellular enzymes was quantified in soil suspensions
using a spectrophotometry protocol with appropriate substrates [38]. Briefly, we homog-
enized 20 g of soil in 100 mL of acetic acid buffer (pH = 5.5). The resulting slurry was
used to perform spectrophotometry for the potential enzyme activity. These included
β-1,4-glucosidase (BG) and cellobiohydrolase (CBH) using a 4-nitrophenyl-β-D-linked
substrates (cellobioside and glucopyranoside); leucine aminopeptidase (LAP) using L-
leucine-p-nitroanilide; β-1,4-N-acetyl-glucosaminnidase (NAG) using 4-nitrophenyl N-
acetyl-β-D-glucosaminide; acid phosphatase (AP) using p-nitrophenyl disodium phosphate
substrates. The units of enzyme activity were calculated as units of substrate hydrolyzed
product per gram per hour (nmol·g−1 dry soil·h−1).

2.4. Soil Microbial Community Analysis

Total genomic DNA was extracted from well-homogenized soil sample using the
E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s
instructions. The soil bacterial V4–V5 regions of the 16S rRNA were amplified with the
primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-
3′). Fungal communities were targeted through the amplification of the ITS1 re-
gion using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-
GCTGCGTTCTTCATCGATGC-3′), with adapter and barcode sequences appended. PCR
reactions were performed in triplicate with a 20 μL mixture containing 4 μL of 5 × FastPfu
Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase,
and 10 ng of template DNA. Amplicons were extracted from 2% agarose gels and puri-
fied using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA,
USA) according to the manufacturer’s instructions. Purified PCR products were quantified
by Qubit®3.0 (Life Invitrogen, Waltham, MA, USA) and the pooled DNA product was
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used to construct the Illumina pair-end library following Illumina’s genomic DNA library
preparation procedure. Then, the amplicon library was paired-end sequenced (2 × 300)
on an NGS platform (Shanghai BIOZERON Biotech. Co., Ltd., Shanghai, China) following
the standard protocols. Raw sequences were deposited in the NCBI SRA database under
accession number PRJNA1224727.

Raw sequences were first demultiplexed–filtered using Trimmomatic [39] comple-
mented by custom perl scripts, implementing the following stringent criteria: (i) the 300 bp
reads were truncated at positions with an average quality score < 20 within a 10 bp slid-
ing window, with the subsequent removal of any truncated reads shorter than 50 bp;
(ii) strict sequence-matching requirements were enforced—exact barcode matching with
≤2 nucleotide mismatches allowed in the primer regions, coupled with the elimination of
reads containing ambiguous base calls; (iii) overlap-based assembly required minimum
10-bp overlaps between paired reads, discarding unassembled fragments. The curated
sequences were then analyzed in QIIME2 (2020.11) [40] using the DADA2 algorithm to
obtain the biological reads (i.e., amplicon sequence variants, ASVs) [41].

The bacterial and fungal sequences were classified with the SILVA (v.138) and UNITE
databases, respectively. After the sequence classification, we retained only the classified
bacterial and fungal ASVs. We then rarefied the 16S and ITS dataset to 11,579 and 3774 ASVs
per sample, respectively.

2.5. Statistical Analysis

The microbial observed ASVs, Chao1, and phylogenetic diversity (PD) were calculated
using the “microeco” package [42]. The microbial community niche breadth index was
determined according to Levins [43], and the generalist species and specialist species were
classified by calculating the occurrences of ASVs from 1000 permutations simulated via
the “EcolUtils” package [44], and an ASV was classified generalist or specialist depending
on whether its observed occurrence exceeded the upper 95% confidence interval or was
below the lower 95% confidence interval [45,46]. The average variation degree (AVD) was
calculated to estimate the soil microbial community stability among different treatments,
where a lower AVD indicates higher microbiome stability [47]. Phylogenetic normalized
stochasticity ratio (pNST) calculations were performed with the “NST” package to char-
acterize the bacterial and fungal community assembly processes [48,49]. The pNST index
had a cutoff at 0.5 to delineate the assembly processes that were more deterministic (<0.5)
and more stochastic (>0.5).

To quantify soil microbial metabolic limitations in C, N, and P, we employed vector
analysis based on extracellular enzyme stoichiometry. This method interprets enzyme
activity ratios as proxies for microbial resource allocation. The vector length reflects the
relative investment of the microbial metabolism in C versus nutrient acquisition, while the
vector angle indicates the preferential limitation between P and N [50]. Specifically, vector
length quantifies the degree of C limitation, that is, a longer vector length corresponds to a
stronger microbial C restriction. The vector angle distinguishes N and P limitation, that is,
an angle below 45◦ indicates N limitation; otherwise, it is the P limitation. These metrics
were calculated using the following equations:

Vector length = sqrt
(

x2 + y2
)

(1)

Vector angle = degrees(atan2(x, y)) (2)

where x represents ln(CBH + BG)/ln(AP) and y represents ln(CBH + BG)/ln(NAG + LAP).
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Additionally, the effects of acid rain and the understory vegetation removal on soil
physicochemical properties, enzyme activities, and the microbial community indices were
quantified and compared as follows:

R = ln
(

T
C

)
(3)

where T and C represent the specific values of physicochemical properties, enzyme activi-
ties, or microbial community indices for the treatments and control, respectively. Values
of R > 0 indicate a positive effect (i.e., acid rain increased the variable value relative to
the control), while R < 0 indicates a negative effect. The vector length, vector angle, and
pNST was analyzed using the ANOVA test, and a post hoc Tukey test was performed to
detect differences between individual treatments, with Holm correction applied to adjust
the p-values for multiple comparisons, ensuring a robust statistical analysis. Statistical
significance was determined at p < 0.05.

Redundancy analysis (RDA) was performed to examine the relationships between
enzyme activities or their stoichiometry, soil physicochemical properties, and biotic factors
using the “vegan” package. Key discriminating variables were identified through a ‘step-
wise selection’ process. Variable importance quantification was implemented using the
“rdacca.hp” package [51], which calculates the relative contribution of each explanatory
variable to dependent variables. Finally, the “plspm” package was employed to develop a
partial least squares path modeling (PLS-PM) to study the primary mechanisms on which
acid rain and understory vegetation removal mediate the microbial metabolism limitation
through soil physicochemical properties and the soil microbial community. The PLS-PM
model fitness was assessed using the goodness-of-fit (GoF) index [52], with interpretation
thresholds defined as weak (GoF > 0.1), moderate (GoF > 0.25), and strong (GoF > 0.36) [53].
All of the analyses were performed in R 4.4.0.

3. Results

3.1. Soil Physicochemical Properties and CO2 Release

Regardless of the acid rain treatment, understory vegetation removal significantly
decreased the soil MC compared to the control (Figure 1), and the interaction of the
understory vegetation and acid rain also had significant negative effect on the MC (p < 0.001;
Figure 1). The soil pH value in the CK, UR, AR, and UA treatments was 6.28, 6.28, 6.19,
and 6.22, respectively, indicating that acid rain slightly reduced the soil pH, but there were
no significant difference among all of the treatments in the C. camphor plantation (Figure 1;
Table S1). However, the DOC in the UR, AR, and UA treatments decreased by 26.32%,
3.83%, and 16.18%, respectively. The AN in UR, AR, and UA treatments decreased by
16.83%, 15.32%, and 25.99%, respectively. Moreover, understory vegetation removal and
the interaction of understory removal with acid rain had an obviously negative effect on
the DOC and AN (Figure 1). In addition, understory vegetation removal and acid rain had
significantly negative main and interactive effects on the SOC (Figure 1). Compared with
the CK, the UR, AR, and UA treatments decreased the SOC by 23.38%, 16.24%, and 18.34%,
respectively. Only the understory vegetation had a significantly negative effect on the STN,
and neither the understory vegetation removal nor acid rain had a marked effect on the
STP in the C. camphor plantation (Figure 1). For the CO2 release, compared to the CK, there
were significant positive effects in the AR and UA treatments (Figure 1).
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Figure 1. The effect sizes of simulated acid rain and understory vegetation removal on the soil
physicochemical properties and CO2 release in the C. camphor plantation. Effect sizes are presented
as mean values ± 95% confidence intervals (n = 4). *** p < 0.001, ** p < 0.01, and * p < 0.05. UR stands
for understory vegetation removal, AR stands for simulated acid rain, and UA stands for understory
vegetation removal and simulated acid rain.
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3.2. Soil Enzyme Activities

In general, soil potential enzyme activities were significantly affected by either acid
rain or understory vegetation removal in the C. camphor plantation (Figure 2). Specifically,
acid rain had a significantly positive effect on the CBH and BG activities, understory
vegetation removal had a markedly positive effect on the BG and had a significantly
negative effect on the NAG and AP activities, while the understory vegetation and acid
rain had a significantly positive interactive effect on the BG activity and a negative effect on
the LAP activity in the C. camphor plantation (Figure 2). Compared to the CK, the enzyme
vector lengths of the UR, AR, and UA increased by 9.08%, 10.35%, and 12.43%, respectively,
and understory vegetation removal and acid rain had significantly positive main and
interactive effects on the vector length (Figure 2). However, understory vegetation removal
and acid rain did not have any marked effects on the vector angle (Figure 2). Additionally,
the enzyme vector lengths were > 1 and the vector angles were > 45◦ in all of the treatments,
indicating that the microbial metabolism was likely limited by both C and P, but P restriction
was more obvious in the C. camphor plantation (Figure 2).

 
Figure 2. The effect sizes of simulated acid rain and understory vegetation removal on the soil enzyme
activities (a), the variation in the vector lengths and angles across the treatments (b,c), potential C and
nutrient limitations across the treatments, (d) and the enzyme vector model of the extracellular en-
zyme stoichiometry (e) in the C. camphor plantation. Effect sizes are presented as mean values ± 95%
confidence intervals (n = 4). *** p < 0.001, ** p < 0.01, and * p < 0.05. Distinct lowercase letters indicate
significant differences between treatments (p < 0.05). UR stands for understory vegetation removal,
AR stands for simulated acid rain, and UA stands for understory vegetation removal and simulated
acid rain.

3.3. Soil Microbial Community

Acid rain and the interaction of understory vegetation removal and acid rain had
significantly positive effects on the bacterial-observed ASVs, Chao1, and PD; however, only
the understory vegetation removal had markedly positive effects on the fungal-observed
species, Chao1, and PD in the C. camphor plantation (Figure 3).
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Figure 3. The effect sizes of simulated acid rain and understory vegetation removal on the soil
microbial alpha diversity, niche breadth, specialists, generalists, and AVD in the C. camphor plantation.
Effect sizes are presented as mean values ± 95% confidence intervals (n = 4). *** p < 0.001, ** p < 0.01,
and * p < 0.05. UR stands for understory vegetation removal, AR stands for simulated acid rain, and
UA stands for understory vegetation removal and simulated acid rain.

To study the differences in the microbial community structure, we calculated the
community-level habitat niche breadth indices, the AVD (average variation degree), and the
phylogenetic normalized stochasticity ratio (pNST) in all of the treatments. For the bacterial
community structure, compared to the CK, the niche breadth indices of the UR, AR, and UA
decreased by 7.41%, 18.92%, and 15.19%, respectively, but the understory vegetation and
acid rain had no significant interactive effect on niche breadth (Figure 3). Simultaneously,
the UR had a significantly positive and negative effect on the specialist ratio and generalist
ratio, respectively. Acid rain only had a markedly negative effect on the generalist ratio.
Conversely, the AVD values for the bacterial community were 8.64%, 27.40%, and 19.50%
higher in the UR, AR, and UA treatments than in the CK treatment. Moreover, the increase
in the AR treatment was significant (Figure 3), and the lower AVD value indicates higher
microbiome stability. The results indicated that the bacterial community in the CK was
more stable than in the other three treatments, that is, understory vegetation removal
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and acid rain would make the bacterial community more vulnerable in the C. camphor
plantation. However, for the fungal community, the understory vegetation removal had
an obviously positive effect on the generalist ratio, and the understory vegetation and
acid rain had significantly positive effect on the niche breadth indices and generalist ratio
(Figure 3). Moreover, there was no significant difference in the fungal community AVD
values across all of the treatments in the C. camphor plantation (Figure 3).

The pNST based on the null model was used to quantitatively assess the microbial
community assembly process of the four treatments in the C. camphor plantation. For
the bacterial community, the pNST values for all of the treatments were lower than 50%,
indicating that the bacterial community assembly process was more deterministic in all of
the treatments. Despite that, the pNST values were distinctly higher in the CK treatment, at
30.43%, 22.54%, and 24.01%, than in the UR, AR, and UA treatments (Figure 4), thus demon-
strating that understory vegetation removal, acid rain, and its interaction strengthened the
deterministic assembly process. Different from the bacterial community, an opposite trend
was observed for the fungal community assembly. Specifically, the pNST values were 0.48,
0.60, 0.62, and 0.58 for the CK, UR, AR, and UA treatments, respectively, indicating that the
fungal community assembly process changed from more deterministic to more stochastic
(Figure 4). However, there was no significant difference between the treatments.

 
Figure 4. The effect of simulated acid rain and understory vegetation removal on the soil microbial
community assembly process in the C. camphor plantation. Distinct lowercase letters indicate signif-
icant differences between the treatments (p < 0.05). UR stands for understory vegetation removal,
AR stands for simulated acid rain, and UA stands for understory vegetation removal and simulated
acid rain.

3.4. The Relationship of Soil Physicochemical Properties, Enzyme Activities, and
Microbial Community

The RDA results indicated that the soil enzyme activities were significantly affected
by the MC, bacterial AVD values, and fungal diversity (Figure 5), and their explained
variations were 22.57%, 13.93%, and 4.19%, respectively, in this study. The NAG, LAP, and
AP activities were strongly correlated with the MC and fungal diversity, while the BG and
CBH activities were strongly related to the bacterial AVD values and microbial activities in
the C. camphor plantation. However, the enzyme stoichiometries were significantly affected
by the AN, MC, AVD_fungi, and pH, and their explained variations were 17.04%, 15.18%,
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12.49%, and 11.08%, respectively. Moreover, the vector length was closely related to the
AN and pH, while the vector angle was strongly correlated with the fungal AVD values in
this study.

 
Figure 5. Effects of soil physicochemical properties and microbial community on soil enzyme activities
(a) and their stoichiometry (c), and individual explanation ratios of predictors (b,d) calculated via
hierarchical variation partitioning in the C. camphor plantation. UR stands for understory vegetation
removal, AR stands for simulated acid rain, and UA stands for understory vegetation removal and
simulated acid rain.

The PLS-PM showed the effects of the soil physicochemical properties, bacterial di-
versity, and bacterial stability on the microbial C limitation in the C. camphor plantation.
The soil properties (−0.684), pH (−0.300), soil elements (−0.218), bacterial niche (−0.361),
and bacterial stability (−0.364) had a negative total effect on the microbial C restriction,
while acid rain (0.311), understory vegetation removal (0.554), and C-acquiring enzyme
activities (0.701) showed a positive total effect on it (Figure 6). Meanwhile, the soil proper-
ties (−0.477) had a negative effect on the microbial P restriction, but understory vegetation
removal (0.391), soil elements (0.111), fungal generalists ratio (0.338), fungal niche breadth
(0.366), and fungal stability (0.537) had a positive effect on the microbial P limitation in the
C. camphor plantation.
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Figure 6. The primary mechanism of acid rain and understory vegetation removal mediating the
microbial metabolism C limitation (a) and P limitation (b) through soil physicochemical properties
and microbial community using partial least squares path modeling. Red and blue solid arrows
indicate significant positive and negative paths, respectively. Soild and dash line indicate significant
and non-significant paths. The thickness represents the strength of the path. *** p < 0.001, ** p < 0.01,
and * p < 0.05. The microbial metabolism C limitation is represented by the vector length, while the
microbial metabolism P limitation is represented by the vector angle.

4. Discussion

4.1. Responses of Soil Physicochemical Properties, CO2 Release, and Enzyme Activities

In the present study, simulated acid rain had a noticeable negative effect on the
SOC, which was similar to the results published by previous studies [3,5]. There are
several reasons to explain the findings. One possible explanation is that the decreased
SOC could be ascribed to the solubility of the soil organic C promoted by acid rain and
leached out [3,15,25], particularly in subtropical plantations with a high rainfall intensity.
Another contributing factor involved microbial metabolic trade-offs [54,55], in which,
under acid rain stress, soil microorganisms might reallocate C and energy from growth
and maintenance toward stress tolerance and resource acquisition, thereby reducing the
SOC stabilization [30,56]. This interpretation aligns with the elevated CO2 release and
extracellular enzyme stoichiometry patterns observed in our study, which reflect intensified
microbial C limitation and organic matter mineralization. It is commonly anticipated
that, once organic matter decomposition increases, the microbial-derived CO2 release
from soil will also increase [57]. Moreover, the increased C-acquiring enzyme CBH and
BG activities under acid rain also support this interpretation. These results showed that
soil microorganisms secreted more extracellular enzymes to metabolize organic matter in
order to resist adverse environmental conditions. Furthermore, acid rain might indirectly
reduce SOC inputs by impairing the plant photosynthetic efficiency and root exudate
production, thereby reducing the amount and quality of C entering the soil [3,12,15].
Collectively, these mechanisms—leaching, microbial metabolic shifts, and reduced carbon
inputs—synergistically drive SOC depletion in acid rain-affected subtropical plantations.

Similar with acid rain, there was a strong negative effect of understory vegetation
removal on the SOC, but its mechanism was different. It is generally accepted that under-
story vegetation has a substantial impact on the soil microclimate and nutrient cycling
in forest ecosystems [14,16]. Understory vegetation removal can change the amount and
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quality of C input to the soil [14,23,24]. Therefore, on the one hand, the decreased SOC
could be ascribed to directly reducing the aboveground and belowground C quantity
inputs [23,24]. On the other hand, understory vegetation removal reduced the soil nutrient
availability, such as soil DOC and AN, which could intensify the microbial C restriction
and subsequently accelerate soil organic matter mineralization, ultimately reducing the
SOC [19,24,58]. The latter interpretation is also supported by the results of the increased
C-acquiring enzyme CBH and BG activities in the present study. Additionally, the presence
of understory vegetation can alleviate soil surface runoff and nutrient loss by modifying
the amount of throughfall interception [14,59], which was supported by the reduced soil
MC, DOC, and AN in understory vegetation removal in this study. Consequently, consid-
ering the significant influences from understory vegetation on soil properties, the above
explanations probably account for the patterns observed here. Collectively, our results
underscored the crucial role of understory vegetation in regulating soil C cycling in the
C. camphor plantations.

4.2. Responses of Microbial Community

In our study, the bacterial diversity was notably positively affected by acid rain and
its interaction with understory vegetation removal, but the fungal diversity was only sig-
nificantly positively affected by understory vegetation removal. In general, acid rain is
expected to reduce soil bacterial diversity due to its toxic effects on bacterial communi-
ties [14,25]. However, we observed an increase in the bacterial diversity under the AR,
which was consistent with prior studies reporting similar trends [3,60,61]. One possible
reason for these findings is that soil acidification selectively suppresses acid-sensitive bac-
terial taxa while favoring acid-tolerant oligotrophic species through niche filtering [62,63].
Another possible reason is that different nutrient availability might drive shifts in the
microbial diversity [26,64]; the soil low C availability induced by acid rain was likely to be
mutually disadvantaged to bacteria with rather copiotrophic lifestyles, but was likely to
be advantaged to oligotrophic bacteria through interspecific competition [25,65]. Previous
studies also reported that the increase in C and P limitation significantly increased bacterial
diversity [65], which was consistent with our study. In addition, these explanations were
supported by the decrease in bacterial generalists and the increase in bacterial specialists in
this study. Simultaneously, the change in bacterial generalists and specialists resulted in the
notable reduction in the bacterial community niche breadth. The results indicated that the
bacterial community was significantly affected by acid rain. In contrast, fungal diversity
was not significantly affected by acid rain, but instead showed a pronounced response to
understory vegetation removal, likely because fungi are more resistant to acidity [30,66].
The possible reasons for the significant increase in fungal diversity in the UR are that un-
derstory vegetation removal reduced the input labile organic compounds, such as the soil
DOC, and fungi are often associated with recalcitrant organic compounds [30,32], which
was supported by the increase in generalists.

In contrast to the microbial diversity, both acid rain and understory vegetation re-
moval significantly destabilized the bacterial communities. This aligned with previous
findings that canopy nitrogen addition and understory removal reduced bacterial and
fungal community stability [67]. However, the cause of this phenomenon was not exactly
the same. Although high microbial diversity is generally associated with enhanced com-
munity stability [47,67], in contrast to this, in the present study, bacterial communities
with a high diversity had low community stability, which was presumably due to the high
diversity of bacteria caused by the increase in specialists and the decrease in generalists.
As a result, these specialists could lead to intense competition and less cooperation with
each other [3], which could impede the exchange and efficient use of soil nutrients and
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resources, ultimately destabilizing the bacterial community structure [67]. Simultaneously,
fewer generalists were present, leaving the community more vulnerable to environmental
change [68], which could also destabilize the community. Alternatively, another possible
reason was that acid rain and understory vegetation removal led to more deterministic
processes of bacterial community assembly through niche partitioning and species inter-
actions [67,69], which will eventually destabilize the community. However, the response
of the fungal community to acid rain and understory vegetation removal was relatively
stable. The fungal community stability and assembly processes were not notably influenced
by acid rain and understory vegetation removal. The following reason might be used to
explain the findings. On the one hand, fungi are known to be more adaptable to complex
environmental variations, such as acid rain and drought [30]. Moreover, previous studies
also reported that the fungal community did not respond sensitively to soil acidification and
understory vegetation removal [25,70]. On the other hand, fungi can make more effective
use of recalcitrant organic matter, whereas acid rain and understory vegetation removal
might mainly reduce labile organic matter and eventually exacerbate the utilization of
recalcitrant C [30,32], which was supported by the increase in the enzyme vector length.
Therefore, the stability of fungal communities contributed to the absence of significant
differences in fungal community assembly processes across the treatments.

However, the interactive effects of acid rain and understory vegetation removal did
not significantly affect bacterial and fungal community assembly processes and stability,
likely because the specialist and generalist ratios in the UA were not significantly affected,
which consequently maintained the bacterial community niche breadth and stabilized the
bacterial community. However, the stability of the fungal community structure might
be attributed mainly to the fungal diversity stability. Overall, this work revealed that
the response of the soil bacterial and fungal communities to acid rain and understory
vegetation removal was different in the C. camphor plantations, that is, the soil bacterial
community was generally more responsive to acid rain and understory vegetation removal
in the C. camphor plantations, which was supported our first hypothesis.

4.3. Relationship Among Measured Variables

Prior studies have reported that shifts in microbial C source utilization resulted from
changes in the microbial community structure [65,71], which was consistent with our study,
showing that microbial community stability significantly affected the microbial metabolic
nutrition restriction. Specifically, in the present study, the RDA and PLS-PM indicated that
acid rain and understory vegetation removal affected soil enzyme activities and their stoi-
chiometry by altering soil physicochemical properties and microbial community stability.
These results supported our second hypothesis. C-acquiring enzymes and the vector length
were mainly regulated by the soil bacterial community, while N- and P-acquiring enzymes
and the vector angle were mainly affected by the soil fungal community. It is possible to
attribute this to microbial resource usage preferences, with bacteria being able to use labile
C more efficiently and fungi being able to use recalcitrant C more effectively [30,32], while
N and P are more often contained in complex organic matter. Therefore, the shift in the
nutrient availability and microclimate under acid rain and understory vegetation removal
would amplify the impact of environmental filtering on the bacterial community and re-
duce its stability [67]. However, the unstable bacterial community structure was mainly
due to a decrease in the community niche breadth, which led to increased competition and
decreased cooperation, requiring more energy to maintain, and ultimately to stronger mi-
crobial C limitation, which is in agreement with a previous study [65]. However, probably
because fungi are more resistant to external disturbances, the fungal community stability
was not significantly affected by acid rain and understory vegetation removal, allowing the
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vector angle to remain relatively stable. These interpretations were supported by the results
of our PLS-PM. Collectively, our results elucidated the linkages between microbial stability
and microbial nutrient limitation under acid rain and understory vegetation removal in the
C. camphor plantations. While the bacterial stability was closely tied to the C limitation, the
fungal stability correlated with the P limitation. However, given that this study is only a
short-term experiment and lacks continuous samples, the underlying mechanisms between
microbial community stability and diversity and microbial metabolism require further
investigation in the future.

5. Conclusions

This study explored the impacts of simulated acid rain and understory vegetation
removal on the biological activity of the soils in a C. camphor plantation. The findings
revealed the distinct impacts of these external disturbances. Acid rain significantly altered
the SOC, CO2 release, enzyme activities, and their stoichiometry, while also restructuring
the microbial community. Understory vegetation removal markedly reduced the MC and
nutrient availability, affected the enzyme stoichiometry balances, and also shifted the mi-
crobial community. The elevated bacterial diversity led to reduced bacterial community
stability, likely due to the increase in specialists. In contrast, the fungal community demon-
strated greater resistance to external perturbations, attributed to their metabolic preference
and tolerance to osmotic stress. Mechanistically, the bacterial community instability was
firmly closely related to the microbial C limitation (i.e., the vector length), whereas the
fungal community stability was more closely associated with the microbial P limitation
(i.e., the vector angle). Overall, our study advanced the understanding of the mechanisms
by which acid rain and understory vegetation removal destabilize microbial communities
and increase microbial metabolic limitations. Critically, they highlight the indispensable
role of understory vegetation in buffering soil microclimates, sustaining nutrient cycling,
and maintaining community stability in plantations. Finally, these finding emphasized the
need for integrated forest management strategies to conserve and manage soil ecosystems
in subtropical plantations.
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Abstract: Chile holds ~50% of temperate forests in the Southern Hemisphere, thus consti-
tuting a genetic–ecological heritage. However, intense anthropogenic pressures have been
inducing distinct forest structural-regeneration patterns. Accordingly, we evaluated 22 soil
properties at 0–5 and 5–20 cm depths in two protected sites, with similar perturbation
records but contrasting post-disturbance regeneration stages: long-term secondary forest
(~50 y) (SECFORST) (dominated by Chusquea sp.-understory) and a short-term forest after
disturbance (~5 y) (FADIST) within a Nothofagus spp. forest to determine the potential of
these soils to promote nutrient availability, water cycling, soil organic carbon (SOC) seques-
tration (CO2→SOC), and microbiome. Results detected 93 correlations (r ≥ 0.80); however,
no significant differences (p < 0.05) in physical or chemical properties, except for infiltration
velocity (+27.97%), penetration resistance (−23%), SOC (+5.64%), and % Al saturation
(+5.64%) relative to SECFORST, and a consistent trend of suitable values 0–5 > 5–20 cm were
estimated. The SOC→CO2 capacity reached 4.2 ± 0.5 (FADIST) and 2.7 ± 0.2 Mg C y−1

(SECFORST) and only microbial abundance shifts were observed. These findings provide
relevant insights on belowground resilience, evidenced by similar ecosystem services
provision capacities over time, which may be influenced progressively by opportunistic
Chusquea sp.

Keywords: Nothofagus spp.; south-central Chile; passive management; biosphere reserve;
volcanic soils; Chusquea sp.; secondary forest
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1. Introduction

Terrestrial organic carbon (C) stored in soil (SOC) controls multiple scalar natural
processes as ecosystem functionality (water and nutrient cycling), which are primarily
mediated by microorganisms [1]. However, historically, ~132 Pg of SOC pool (8.8% of
total) have been released into the atmosphere in response to human actions (greenhouse
gas emissions) (SOC→CO2), causing land degradation [2] and climate change [3–6], and
currently accounting for a net loss trend of 0.22–0.53 Pg y−1 [7]. Notwithstanding the
above, soils represent the greatest CO2→SOC potential globally, and specific capacities
are associated with climatic zones, individual native properties, and historical land use
records [8], where deep soils (≥1 m) from temperate to cold zones and mineral fractions
rich in Fe-oxides and active clays, probably fulfilling the best conditions [8,9]. Regarding
most favorable ecosystems facilitating (SOC→CO2), forests have a great sink potential,
storing 861–967 Pg of SOC (0–1 m), encompassing up to 30% of total emissions within the
pedosphere [10–13]. Particularly, temperate forests, defined as “highly-seasonal biomes,
dominated by freeze-hardy woody species due to remarkable intervals of long growing
and a cold winter period” [14], are distributed across 23.5–66.5◦ N and S latitudes, covering
19–26 % of global forest area, having a presence on all continents (except Africa), usually
meet the criteria mentioned above [12,15].

The main aspects associated with the relevant CO2→SOC capacity in temperate
are (a) at ecosystem level: (i) constant inputs of SOC precursors (plant debris), (ii) per-
manent soil cover, (iii) deep-rooted systems, increasing the uptake-recycling nutrients,
and (iv) suitable conditions for biological activity [16]; (b) at pedosphere level: (i) an
increase in recalcitrance due to lignin-rich substrates, (ii) lowering soil temperature–
moisture reducing SOC mineralization rates, (iii) the formation of stable aggregates, and
(iv) mineral-associated C [9,17–19]; and (c) at microscopic level: (i) inputs of fresh organics
(e.g., leaf/herbaceous strata litter), (ii) nutrient bioavailability processes such as organic
re-synthesis, nutrient mining cycling (e.g., N, S. P, Fe, Cu) for plant development, and
(iii) structural and functional microbial pools (e.g., active microorganisms and those able
to restore the soil to a pre-disturbance condition), leading to re-aggregation processes
mediated by biological byproducts [2,9,17,20,21].

However, forest degradation caused a decline of 3% of the global area (4128 M ha)
over the last 35 y, reversing the CO2→SOC processes and mechanisms previously
described [22,23]. One of the most severely affected regions is South America, reach-
ing a forest loss area of 88,803 K ha [10,24]. In addition, it is estimated that only less than
20% of temperate forests are present in the Southern Hemisphere, resulting in one of the
highest levels of endemism (85% of woody species and 34% of genera, prevailing evergreen
species) [12,15].

The previous scenario is critical for genetic preservation in Chile, which holds 50
and 79.5% of the total temperate forest area in the Southern Hemisphere and continental
levels, respectively (33–55◦ S latitude, 14.41 M ha), dominated by Nothofagus spp. (pure or
mixed) [12,25–28]. Local forest suppression has been subordinated to agricultural purposes,
excessive logging for fuelwood, over-grazing–browsing, and the replacement by commer-
cial plantations (e.g., Pinus radiata, Eucalyptus nitens) due to the high productivity and
timber quality of these forest types (including soils) [28,29]. In response, nowadays, Chile
holds 23% of the protected forest area in South America, due to extensive government and
institutional efforts that have led to the implementation of land reclamation programs (in-
cluding a sustainable agro-silvicultural policy framework) [12]. Nonetheless, vast derelict
territories consequently undergo natural regeneration processes (e.g., secondary forest),
many of them based on Andisols, which are of high agricultural importance, accounting for
50–60 of arable land [30]. The above suggests a need to evaluate the soil ecosystem services
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status in those areas since their inherent high CO2→SOC potential is widely reported in
the literature [7,31,32].

Accordingly, we aimed to compare different soil properties that are useful for es-
tablishing fertility status and the current capacity to provide ecosystem services of two
contrasting time-lapse scenarios within an unmanaged post-disturbance Nothofagus sp.
association forest; both scenarios are highly representative of the aforementioned context
and dominant biome type across the south-central macro-zone of Chile.

We hypothesized that soil properties–ecosystem services capacities of long-term pas-
sive management have been influenced by the effects of emergent now dominant Chusquea
spp. understory, particularly, generating (i) a robust microbiome and particularly decom-
poser communities; (ii) a greater fertility status; (iii) better physical aptitudes related to
hydric conductivity; and iv) a lower annual CO2→SOC capacity rate.

2. Material and Methods

2.1. Study Area Description

The study was carried out at the “Ranchillo Alto” state-owned property, a 635 ha
native forest that was declared “National Heritage” and a “Protected National Asset” “by
the Chilean Government; it is located in the Ñuble Region (Figure 1), nearby the town of
Yungay, within the biological corridor “Nevados de Chillán—Laguna del Laja”, which was
designated as a “Biosphere Reserve” by UNESCO [33]. The local climate is classified as
temperate Mediterranean, with average temperatures of 13.5–25 ◦C during the summer
and a pronounced winter season from May to September, with frequent snowfall–frost
events and a mean annual rainfall of over 3.000 mm [33]. Through a recognition visit
and preliminary site examination (e.g., interviews with local landowners, soil sampling,
pers. commun.) [34], it was determined that the area possesses a historical record of over-
management–utilization of native Nothofagus spp. involving diverse detrimental activities
(such as those mentioned in the previous section), causing the interruption of biomass–
litter production, which is the partial to total detachment of soil cover and even topsoil,
evidenced by the presence of gullies, leading to consequent massive losses of soil organic
matter and nutrients (Figure 2) [21,35].

However, those processes of land degradation occurred at different spatial–temporal
scales that do not always agree with the government–social policies implemented to cease
them, and (if this is the case), nor do the actions implemented for its reclamation (e.g.,
agroforestry systems, conservation silviculture) [29,35], or, in the absence of these, different
timeline patterns of natural regeneration (e.g., passive management), leading to a complex
mosaic of ecological–vegetational conditions [33].

Accordingly, we evaluated two temporal-contrasting sectors within the derived sec-
ondary forest, both meeting natural regeneration/no history of post-disturbance manage-
ment and a similar land degradation record. A description of each condition is provided as
follows (Table 1).
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Figure 1. Approaching maps illustrating study site. (A) national map of central-south Chile, high-
lighting Ñuble Region in orange, (B) regional map of Ñuble, and the location of the Ranchillo Alto site
in southern part of the region, (C) localization of the protected area Ranchillo Alto and the position of
the FADIST and SECFORST analyzed in this study.

Table 1. Description of study cases.

Condition Location
Assessed
Area (ha)

N◦ Plots
and Area

(ha)

Tree Density
(No ha−1); Average

Tree Height (m) and
Diameter at Breast
Height (DBH) (cm)

Forest Species
Understory-

Herbaceous Strata
Composition

Degradation Record

FADIST

37◦03′31.87′′ S,
71◦38′21.76′′ W

1367 m.a.s.l
4 3 × 1.33 60; 15 and 34

Roble (Nothofagus
obliqua (Mirb.)
Oerst. - coihue

(Nothofagus dombeyi)
(Mirb.) Oerst. (5:1)

Vetch (Fabaceae
purpurea), clover

(Trifolium incarnatum,
T. subterraneum, and T.

vesiculosum), Lolium
multiflorum

westerwoldicum,
Phalaris acuatica,

Lolium perenne, oats
(Avena sativa), Festuca
arundinacea, Dactylis

glomerata L.), Chusquea
sp., and

there-sprouting of
Radal (Lomatia hirsuta

(Lam.) Diels)

Evidence of wildfire,
agricultural burning,
and intense logging.
Testimony of use of

intensive
animal–mechanical

loads; cattle
grazing–browsing,

prolonged
commercial, and
domestic timber

harvesting
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Table 1. Cont.

Condition Location
Assessed
Area (ha)

N◦ Plots
and Area

(ha)

Tree Density
(No ha−1); Average

Tree Height (m) and
Diameter at Breast
Height (DBH) (cm)

Forest Species
Understory-

Herbaceous Strata
Composition

Degradation Record

SECFORST

37◦4′43.01′′ S,
71◦39′25.32′′ W
1250 m.s.n.m

4 3 × 1.33 296; 33 and 46

Roble (Nothofagus
obliqua)- coihue

(Nothofagus dombeyi)
(8:3)

Primarily dominated
by Chusquea sp., a

circumstance that has
been reported in the

literature during
regenerative

dynamics processes
post-disturbance (e.g.,
Muñoz and Gonzalez,

2009; Donoso et al.,
2022 [28,36])

Evidence of fire
events.

Testimony of use of
intensive animal

loads;
cattle/goat/equine

grazing and/or
browsing, prolonged

commercial and
domestic timber

harvesting

 

Figure 2. Photographs of the study area, (A) original degraded site overview, (B) FADIST, and
(C) SECFORST. Photo credits: F. Dube.

The soils were classified as medial, amorphic, and mesic Typic Haploxerands within
the “Santa Barbara” series with an Ap/A/AB/Bw/BC/C sequence, according to the Soil
Survey Staff (2022) [37] and Stolpe (2006) [38].

2.2. Soil Sampling and Characterization

To analyze soil properties under different post-disturbance conditions, we collected
soil samples from two distinct forest sites: a long-term secondary forest (SECFORST) and a
recently disturbed area (FADIST). These samples allow us to compare how soil chemistry,
microbiology, and physics vary over time. In January 2020, three composite soil samples
(2 kg each) were taken from three representative plots (1.33 ha each) at two depths: 0–5 cm
in triplicate (n = 36), which represents the most biologically active soil layer, and 5–20 cm,
where deeper-rooted microbial communities and chemical interactions occur. This depth
selection ensures that we capture key soil processes occurring at different strata.

2.2.1. Physical Trials

To assess how soil structure changes over time, we measured different physical prop-
erties that influence water retention, root penetration, and overall soil stability. These
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properties help determine whether the soil is improving or degrading after disturbance,
which is crucial for forest recovery. The following tests were performed: (i) Bulk density
(BD) measures how compacted the soil is, which affects root growth and water movement.
A denser soil can limit plant development and microbial activity. We determined BD by
extracting soil cores (211 cm3) and drying them at 105 ◦C until reaching a constant weight;
(ii) soil particle density (PD), estimated by the pycnometer method (Pobel, Gay-Lussac
pycnometer with thermometer 10–35 ◦C/0.2 ◦C; frosted 10/19, 50 mL, Madrid, Spain) [39];
(iii) net pore space (POR), which was calculated from BD and PD values:

POR = [1 − (BD/PD)] × 100; (1)

(iv) infiltration rate-velocity (INFV), unsatured (k), which was tested utilizing an infiltrome-
ter model Mini Disk Infiltrometer S (Pullman, WA, USA), where the K value (cm day−1)
was estimated according to Zhang [40], through cumulative infiltration measurements;
(v) water holding capacity (WHC) was estimated according to Zagal et al. [41], placing sam-
ples into cones previously sealed at the bottom at 1:2 soil–water ratio for 12 h. Therefore, the
tape was cautiously perforated in order to drain the formed solution while it was collected
in plastic bottles and its volume was then measured; (iv) water-stable aggregates (WSA)
(%) were estimated by the Kemper and Rosenau [42] method, which consisted of sieving
(0.250 mm) each sample, then immersing them into an aluminum capsule containing dis-
tilled water for 3 min (at 35 rep min−1) by using an Eijkelkamp Agrisearch Equipment
(Giesbeek, The Netherlands), and the resulting dispersed soil was dried at 105◦C, while
the remaining soil was placed into another aluminum capsule containing sodium hexam-
etaphosphate (2 g L−1) for 15 min (35 rep min−1), and the dispersed soil was dried at 105 ◦C.
Finally, samples for both procedures were weighed to calculate their ratio/percentage in
comparison with that of the original sample, and (vii) penetration resistance (PENR) was
estimated using a penetrometer model Soil Compaction Tester Dickey–John (Auburn, IL,
USA), where a total of 60 measurement points were established by longitudinal transects
to ensure representativeness.

2.2.2. Chemical Trials

Chemical analyses were performed according to methods compiled by Sadzawka
et al. [43] at the Agricultural Research Institute of Chile (INIA-Quilamapu, Chillán, Chile).
After the air drying procedure and extraction of a <2 mm fraction from the samples, partic-
ular analytical methods were conducted as follows: pH was determined potentiometrically
in water (pH-H2O) a 1:2.5 ratio (HI 4211, Hanna Instruments, Smithfield, RI, USA); NH4

+

and NO3
− were analyzed by KCl extraction (2M) for 1 h, then filtered prior to determination

by automated colorimetry by using an autoanalyzer (segmented flux spectrophotometer,
Skalar, Breda, The Netherlands); P Olsen P was determined using 0.5 M NaHCO3 at pH 8.5,
and therefore estimated by the Murphy and Riley method and turbidimetry; K+, Ca2+, and
Mg2+ by an extraction with 1 mol/L ammonium acetate solution at pH 7.0 and determina-
tion by spectrophotometry atomic absorption (969, Unicam, Ilminster, UK); effective cation
exchange capacity (ECEC), which was determined by the sum of Ca+ Mg + K + Na+ Al; S
by an extraction with dihydrogen solution calcium phosphate 0.01 mol/L and turbidimetric
determination; and exchangeable aluminum (AlEXCH) was analyzed by extraction with
potassium chloride solution 1 mol/L and determination by spectrophotometry atomic
absorption (969, Unicam, Ilminster, UK), whereas percent aluminum saturation (% AlSAT)
was determined by the following formula:

% AlSAT = (AlEXCH/ECEC)*100 (2)
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where % AlSAT is aluminum saturation, AlEXCH is exchangeable aluminum and ECEC is
effective cation exchange capacity.

The total N and SOC contents were determined by dry combustion (Leco CN-2000,
macro-analyzer, LECO Corporation, Saint Joseph, MI, USA) [44] at the Soil and Natural
Resources Laboratory (Faculty of Agronomy, University of Concepción).

In addition, SOC stock was estimated by

SOC stock = H × BD × SOC × 100 (3)

where H is the soil depth (cm); BD is bulk density (g cm−3); and SOC is total SOC content
(g kg−1).

2.2.3. Molecular Microbiome Analysis

Samples consisting of 10 g of soil were taken from each site at 0–5 and 5–20 cm,
sealed in plastic bags, and transported within coolers for later analysis. To analyze the
microbial communities in the soil, we extracted DNA from each sample. DNA extraction
isolates genetic material from bacteria and fungi, allowing us to identify their diversity
and functions. We used a Macherey Nagel soil DNA extraction kit (Macherey Nagel
Labs, Germany) according to the manufacturer’s protocol, ensuring high-quality DNA
for sequencing. The DNA was verified by electrophoresis in an agarose gel, according
to Brody and Kern [45], and the concentration was evaluated using a Thermo Scien-
tific NanoDrop™ 3300 Spectrophotometer. DNA samples were merged (from triplicate),
lyophilized, and stored for further sequencing. To combine multiple primers from a single
genomic DNA extraction, a Fluidigm technology technique was performed according
Mallot et al. [46], in order to minimice PCR errors and cross. For that purpose, the following
primers were selected: Bacteria F515 (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-
GGACTACNVGGGTWTCTAAT-3′); Eukarya: Euk1391f (5′-GTACACACCGCCCGTC-3′)
and EukBr (5′-TGATCCTTCTGCAGGTTCACCTAC-3′); and Fungi: ITS3 (5′-GGACTACVS-
GGGTATCTAAT-3′)–ITS4 (5′-TCCTCCGCTTATTGATATGC-3′).

Sequencing was performed using a single 2 × 250 Illumina Hiseq2000 run. Every
single sample was analyzed with the dada2 package (v1.11.3) in R (v3.4.4). To ensure
high-quality sequence data, a rigorous quality control process was performed following the
standard Mothur pipeline. Low-quality bases and ambiguous sequences were filtered using
the screen.seqs and filter.seqs commands, applying strict thresholds to remove sequencing
artifacts. Chimeric sequences were identified and removed using chimera.vsearch, ensuring
only high-confidence reads were retained for downstream analysis. Paired-end reads were
merged using the make.contigs command, which aligns overlapping sequences based on
quality scores to generate accurate consensus sequences. This step minimizes sequencing
errors and ensures the reliability of the assembled reads before taxonomic classification and
community analysis. Taxonomic identification was carried out using the GTDB database
(release 202) for bacteria, the PR2v5 database for Eukarya, and the UNITE ITS database for
fungi (v209). For the subsequent analyses, the microeco package in the R environment was
employed. Specifically, we calculated the relative abundance of ASVs in each sample and
conducted a community analysis, encompassing observed composition and alpha-diversity
and beta-diversity indices. Following this, functional profiles were generated using a
Functional Annotation of Prokaryotic Taxa (FAPROTAX) [47] for bacterial and fungal traits
for fungi [48]. This tool facilitates the prediction of the functional roles of microorganisms
based on their taxonomic information and offers insights into the functional potential
of the microbial community. As environmental factors and microbial functions can be
generally applied to explain microbial community structure and assembly, we correlated
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the diversity indices and functional potential with the environmental variables using
Spearman’s correlation method.

2.3. Statistical Analysis

To determine whether soil properties differed significantly between SECFORST and
FADIST, we used statistical tests (‘ARTool’ package [49]) to compare their physical, chemical,
and microbial characteristics. By applying non-parametric and correlation analyses, we
identified patterns in how soil recovers after disturbance. In all cases, significant differences
were considered with a p < 0.05 significance level. All statistical analyses and graphs were
performed using RStudio Statistical Software (V4.1.0, the RCore Team 2021).

To compare microbial taxa, we used non-parametric statistical tests due to the non-
normal distribution of abundance data. Specifically, taxa abundances were analyzed using
the Kruskal–Wallis test, which allows for comparisons across multiple groups without
assuming normality. When significant differences were found, pairwise comparisons were
conducted using Dunn’s test with Bonferroni correction to control for multiple testing.
This approach ensures robust statistical inference while accounting for the distributional
characteristics of microbial abundance data.

3. Results and Discussion

3.1. Physical Properties

Physical results are presented in Table 2, showing no significant differences (p < 0.05),
except for INFVk (SECFORST > FADIST) and PENRES (FADIST > SECFORST), both presum-
ably related to greater SOC contents and the associated biological processes in SECFORST.
The INFVk averaged +4.6 cm d−1 in SECFORST condition, denoting possible differences
in internal soil architecture by evolution over the time period of ~45 y since the last
disruptive event.

Table 2. Results of physical characterization.

Property
FADIST

0–5
FADIST

5–20
SECFORST

0–5
SECFORST

5–20

A INFVk * 13.05 ± 0.3 A 13.05 ± 0.3 A 18.1 ± 0.66 B 18.1 ± 0.66 B
WHC ** 40.42 ± 4.35 Aa 38.05 ± 4.42 Aa 39.30 ± 1.68 Aa 34.86 ± 6.07 Aa
BD *** 0.63 ± 0.02 Aa 0.59 ± 0.02 Aa 0.57 ± 0.02 Aa 0.56 ± 0.01 Aa
PD *** 1.94 ± 0.01 Aa 1.92 ± 0.02 Aa 1.95 ± 0.03 Aa 1.93 ± 0.03 Aa

B POR (%) ** 67.19 ± 0.69 Aa 70.77 ± 1.18 Aa 69.59 ± 1.61 Aa 70.98 ± 0.89 Aa
WSA ** 49.77 ± 0.36 Aa 49.80 ± 0.14 Aa 52.47 ± 4.77 Aa 50.83 ± 1.64 Aa

PENRES **** 350.0 ± 0.0 Aa 316.67 ± 57.7 Ab 250.0 ± 0.0 Bb 250.0 ± 0.0 Bb
A Relative to total depth (0–20), B estimated through the Formula (1), *: (cm d−1); **: (%); ***: (g cm−3); ****: (PSI).
Disparity in capital letters indicates significant differences (p < 0.05) between PENRES and FADIST, while in the
case of lowercase letters, it refers to differences between depths.

With respect to PENRES, the high mechanical and animal loads in the recent past
within FADIST have caused compaction exceeding critical levels for plant development
(≥300 psi) [50], which can be evidenced in the area by bare soil patches and the presence of
gullies. However, a decrease of 33.4 psi was observed in FADIST (0–5 cm) in relation to the
5–20 cm depth, suggesting a significant effect (p < 0.05) of bioturbation root developed to
reverse compaction itself after 5 y, whilst the −100 psi difference between SECFORST and
FADIST (0–5 cm) mirrors these bioactive effects.

However, a numeric positive trend was observed in the upper depth for the properties
WHC, BD, and PD in both FADIST and SECFORST and POR and WSA in SECFORST and
PENRES in FADIST, which is directly related to water retention–supply capacity. In relation
to total depth (0–20 cm), we observed a net decrease in INFVk (26.52%), WSA (2.8%), PD
(0.5%), and POR (2.4 %) (FADIST < SECFORST), contrary to BD (7.0), WHC (3.08), and PENRES

(23.08 %) (FADIST > SECFORST).
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The WSA decline in FADIST may also be influenced by the progressive depletion of
Ca2+/native lack in Andisols, which is considered the most relevant inorganic binding
agent (e.g., clay–polyvalent cation–SOC aggregation mechanisms) [22,51].

Both BD and PD showed typical values for volcanic soils (BD ≤ 1 g cm−3) [52],
which is intrinsically linked to the physical high internal porosity of parent material (e.g.,
allophane) [31,53]. Consequently, the estimated POR values (Equation (1)) clearly exceeded
the typical values (>40) [52], which is in compliance with the high WHC observed, globally
promoting water cycling–bioavailability [54].

3.2. Chemical Properties

Chemical properties resume in Table 3, showing significant variations (p < 0.05) only
between SOC and AlSAT among FADIST-SECFORST and depths comparisons. However,
other significant differences were detected between the comparisons as follows: (i) FADIST-
SECFORST:—pH, N, and AlEXCH varied; (ii) similar depths—Mg2+ and ECEC; (iii) FADIST

(0–5) and SECFORST (5–20) depths—NO3
− and Ca2++, (iv) depths in FADIST with respect

to the SECFORST condition (which did not vary between depths K and S, (v) 0–5 depths of
both FADIST and SECFORST—P+ and (vi), FADIST-SECFORST, or depths: C:N and NH4

+. In
addition, as occurred with the physical properties, better chemical-fertility conditions were
generally observed for the 0–5 cm depth, except for AlEXCH, AlSAT, N (only for FADIST),
and S (only for SECFORST).

Table 3. Soil chemical properties.

Condition

Property
FADIST

0–5
FADIST

5–20
SECFORST

0–5
SECFORST

5–20

pH 6.19 ± 0.05 Aa 6.15 ± 0.05 Aa 5.9 ± 0.06 Bb 5.86 ± 0.07 Bb
SOC * 10.10 ± 0.25 Aa 8.47 ± 0.66 Bb 11.03 ± 1.01 Cc 10.46 ± 0.96 Dd

N * 0.73 ± 0.06 Aa 0.63 ± 0.06 Aa 0.77 ± 0.06 Bb 0.77 ± 0.06 Bb
C:N 17.61 ± 1.34 Aa 16.71 ± 1.64 Aa 17.01 ± 1.67 Aa 16.39 ± 2.55 Aa

NH4
+ ** 5.94 ± 0.32 Aa 5.37 ± 0.66 Aa 6.11 ± 0.27 Aa 5.36 ± 0.41 Aa

NO3
− ** 5.4 ± 0.18 Aa 4.43 ± 0.39 Bb 3.72 ± 0.43 Bb 3.02 ± 0.28 Cc

P+ ** 2.25 ± 0.29 Ab 1.91 ± 0.31 Aa 2.62 ± 0.11 Bb 1.91 ± 0.24 Aa
K ** 0.34 ± 0.06 Aa 0.19 ± 0.03 Bb 0.71 ± 0.05 Cc 0.59 ± 0.02 Cc

Ca2+ ** 8.06 ± 2.11 Aa 3.57 ± 0.91 Bb 3.78 ± 0.23 Bb 2.05 ± 0.61 Cc
Mg2+ ** 0.84 ± 0.07 Aa 0.30 ± 0.07 Bb 0.68 ± 0.09 Aa 0.33 ± 0.02 Bb

S ** 2.83 ± 0.71 Aa 5.86 ± 1.14 Bb 12.70 ± 0.44 Cc 11.97 ± 0.60 Cc
ECEC *** 5.92 ± 0.73 Aa 4.44 ± 0.68 Bb 6.40 ± 0.80 Aa 2.81 ± 0.29 Bb

AlEXCH *** 0.09 ± 0.05 Aa 0.08 ± 0.02 Aa 0.18 ± 0.03 Bb 0.22 ± 0.02 Bb
A AlSAT * 1.52 ± 0.07 Aa 1.80 ± 0.15 Bb 0.43 ± 0.60 Cc 7.83 ± 0.26 Dd

*: %; **: mg kg−1; ***: cmol (+) kg−1). Disparity in capital letters indicates significant differences (p < 0.05) between
PENRES and FADIST, while in the case of lowercase letters, it refers to differences between depths. A Estimated
through the Formula (2).

When comparing the main percentage variations from significantly different properties
(p < 0.05) between FADIST and SECFORST (0–20 depth), the following was estimated: NO3

−

(+31.17% in FADIST), K+ (+62.91% in SECFORST), Ca2+ (+46.33% in FADIST), S (+58.03% in
SECFORST), ECEC (+22.87% in FADIST), and potential toxicity with AlEXCH (+61.91% in
SECFORST) and AlSAT (+83.65% in SECFORST).

The implications and effects of the concentrations observed are described as follows:
(i) pH values are adequate for plant development in all cases [55] and the ranges

observed (5.86 to 6.1) could be attributable to the high precipitation local regime
(≥3000 mm y−1), native basic poor volcanic materials, and desilication processes [31],
and the more acidic values in SECFORST are due to slight shifts in precipitation patterns
(north > south) [54,56]; (ii) the high SOC concentrations may be due to the particular
mechanisms of SOC preservation in volcanic soils described in Section 1 (e.g., Al-SOC
complexation, extracellular enzymes sorption, occlusion of organics) [7,17,31,32,57,58].
However, specific differences in SOC contents cycling between FADIST and SECFORST can
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be related to the possible influence of Chusquea sp., contributing to more labile SOC and rich
lignin substrates exerted by the high tree density for SECFORST [59,60], and the presence
of pyrogenic C in FADIST as a remnant of site historical use, which was evidenced by
charcoal fragments, which has been accounted up to 5% of total SOC in national forests [61],
and these materials are also able to neutralize pH values due to their diverse functional
(e.g., COO–, CaCO3, PO4

3−) [53]; (iii) the N differences may be explained by the massive
presence of Chusquea sp., leading to an increase in total-available N coupled with N-NO3

−

ratios, our results are in concordance with Pérez et al. (2019) [59], who studied a Laureliopsis
philippiana (Monimiaceae) forest in Chiloé, Chile, which was logged for 10 y of having
understory strata dominated by Chusquea sp. However, N uptake by Nothofagus individuals
readily counteracted this effect, which could also explain the lower NO3

− compared to
FADIST, which in turn had a less dense understory. The lower numerical NH4

+ levels in
FADIST indicate a greater demand by vigorous understory herbaceous strata, which uptake
this bioavailable N species due to the minor uptake energetic cost compared to NO3

− [62].
Regarding C:N ratios, numerical differences may be related to limiting N bioavailability
and the presence of recalcitrant C and low substrate quality; (iv) the low critical P levels
observed under all criteria correspond to typical volcanic soils due to the high PO4

3 fixation
of at least 70% [63,64]; however, the significant differences (p < 0.05) between 0 and 5 cm
depths may be related to greater nutrient cycling in SECFORST; and (v) the S values were
under adequate levels under all criteria; however, the FADIST < SECFORST pattern observed,
near to the lower fertile limit (<1 mg kg−1) [65], suggests a deeper and well-established
root system by both Nothofagus obliqua and Chusquea sp. in SECFORST and a greater uptake-
mining by root systems in FADIST, along with a possible SO4

2-retention/leaching processes
exerted by charcoal fragments having anion exchange capacity [66], and percolation by
competition with NO3

− for interchange sites [67].
(vi) Regarding basic cations, the critical deficiencies of K, Ca2++, and Mg2+ could be re-

lated to three main mechanisms: (a) soil solution percolating due to high local precipitation
regime and suitable native hydraulic–structural properties [31,54], (b) uptaking for overall
metabolic processes, (c) desilication, leading to a progressive lowering on cation concentra-
tions [17], and/or (d) higher soil organic matter content and nutrient cycling [55], as in the
case of K (SECFORST > FADIST ), where, however, the higher Ca2+ values in FADIST may be
related to the high specific area of the present pyrogenic materials (50–≥500 m2 g−1) [68];
(vii) the ECEC values ranged from moderate in all criteria, except for SECFORST (0–5 cm)
corresponding to an adequate level (>6.27 cmol kg−1) [65], which could be related to the
more developed deep root systems in SECFORST of both Chusquea sp. and Nothofagus obliqua
mining nutrients to depths greater than 5 cm, whether they can compete for nutrients or
not; and (viii) the variables AlEXCH and AlSAT, expressing potential toxic conditions for
plants, showed adequate values in FADIST, indicating the effect of liming practices along
the total depth studied (0–20 cm), whereas moderate AlEXCH and moderate AlSAT levels
were determined in all conditions (except for SECFORST 5–20 cm depth, critical). However,
in all cases, AlEXCH varied significantly between the depths of both FADIST and SECFORST,
expressing a lesser capacity at lower depths to form Al–organic complexes due to the
decreasing SOC content [69]. Finally, the higher absolute values observed at depth 0–5
(except for S in FADIST and desirably in the Al-related variables), suggest a propensity
for the development/thickening of A horizon–SOC stock enlargement and the associated
direct effects in terms of fertility status and ecosystem services provision.

3.3. Soil Organic C Sequestration (COq→SOC)

According to earlier research in areas near our study site (Dube, pers. Commun.) [34],
temporal variations in C content and stocks could be estimated at total depth (0–20 cm)
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and the relative temporal increment or decrease rates (Table 4). The carbon concentration
and SOC stock were greater at SECFORST; however, larger CO2→SOC was estimated at
FADIST. Total variations on SOC stocks from the 6 y time lapse were 26.1 and 15.96 Mg
SOC ha−1 for FADIST and SECFORST, respectively.

Table 4. Temporal variation in SOC concentration, SOC stocks, and CO2→SOC.

FADIST SECFORST

Previous SOC (%) 8.2 * 10.1 *
SOC2020 8.9 10.6

A Previous SOC stock (Mg ha−1) 81.18 * 103.53 *
ASOC stock 2020 (Mg ha−1) 106.53 120.07

Theoretical annual CO2→SOC 4.23 2.75

The data listed correspond to the weighted values for the depths 0–5 and 5–20 as follows: * for the year 2014
(source: Dube, pers. Commun.) [34], as the nearest referential records to our study conditions. A Estimated
through the Formula (3).

These positive differences on SOC stocks reaching +21.3 and +16.5 Mg ha−1 y−1,
(2014–2020 period) for FADIST and SECFORST, respectively, resulted in the CO2→SOC
potentials expressed in Table 4. In consequence, a +1.48 Mg SOC ha y−1 was estimated
for FADIST, compared to SECFORST, despite similar SOC % concentrations. This can be
explained by the following: In SECFORST, the particular role of Chusquea sp. on soil fertility
is of major relevance, since its chemical characteristics result in up to 67.2% of alpha
cellulose + hemicellulose and only 13.7% of lignin content, reaching a height of 2.0 m and a
density of 290 kg m3 [70], implying a potential massive input of labile SOC (glucose-based),
facilitating its rapid mineralization, not only by their chemical nature per se, but also by
their effect in reactivating nutrient mining processes by decomposers of the anterior organic
matter (priming effect), resulting in limited CO2→SOC rates [20].

In the particular scenario of FADIST, and despite the significantly lower tree density,
this condition showed higher CO2→SOC capacity, which can be related to the follow-
ing factors: (i) C inputs derived from the debris of emergent vegetation (understory and
herbaceous strata), (ii) presumably higher SOC–metal (Fe3+, Al3+) complexation potentials
than SECFORST, (iii) an appreciable enrichment of energy-rich reduced SOC residues (aro-
matics) derived from previous ignition events and practices (wildfires and agricultural
slash-and-burn) resulting in the most stable recalcitrant SOC pool (centennial–millennial
mean residence time), and (iv) because it is located in an area of accumulation (Section 2.1).

These findings are comparable with data reported by Ortiz et al. [71], who estimated
annual SOC increases of 7.5, 4.8, and 1.6 Mg ha−1 y−1 in nearby silvopastoral systems
based on Nothofagus obliqua to our study sites at 3 different tree densities of 134, 60, and
258 stems ha−1, respectively. Similarly, Ortiz et al. [72] reported CO2→SOC of 5.50 and
5.48 Mg C y−1 in two conterminous agroforestry systems corresponding to silvopasture
under N. obliqua and N. dombeyi of a tree density of 173.3 stems ha−1 (133.3:40, respectively)
and an agroforest growing oats (Avena sativa)-vetch (Vicia atropurpurea) associations below
N. obliqua at a tree density of 446.6 stems ha−1. The authors concluded that these systems
promote nutrient cycling, SOC accumulation, and a progressive desirable increase/decrease
in physical and chemical properties, except those that are closely related to the intrinsic
characteristics of volcanic soils (for example, P) and at the ecosystem level (e.g., total
and bioavailable N). In addition, Muñoz et al. [73] estimated SOC increases of 33.1 to
35.5 Mg ha−1 in a monoculture agro-system under no-tillage after 16 y in the same soil
series as our study sites. In different managed forests (e.g., plantations) developing over
Ultisols from Sothern China, Li et al. [74] did not find variations in SOC associated with
minerals, but critical changes in SOC related to stable aggregates. The above suggests that
well-planned and operational productive management may be arguably better alternatives
for land reclamation than the mere cessation of human activity in degraded native forests
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of south-central Chile, not only as a better CO2→SOC option, but in order to control
the occurrence and dominance of opportunistic species that represent a potential threat,
such as (i) underbrush for farming proposes, (ii) a habitat of Oligoryzomys longicaudatus, a
vector of the hantavirus Bunyaviridae of major medical importance, (iii) a causal agent of
wildfires during summer seasons as considerable dry biomass aboveground stores, and
(iv) impeding the re-consolidation of the previous understory and therefore of the original
ecosystem biocomplexity and/or long-term sustainable management of forests such as
agroforestry (for example, [35,75–78]) and planted forests [79].

3.4. Interactions Among the Analyzed Soil Properties

A total of 93 relations (r ≥ 0.80) were observed among multiple variables (including
inverse), of which 37, 11, and 45 occurred between chemical (4 inverse), physical (5 inverse),
and 45 involving physicochemical properties (12 inverse), respectively (Figure 3). pH was
the most influential property correlated with the other nine, explaining, for instance, their
inverse relationship with AlEXCH and AlSAT (r = 98 and r = 89, respectively). SOC was
correlated with N availability (r = 98) and exerted an influence on other nutrients (for
example, P+, K, Mg2+); however, it did not meet the r ≥ 0.80 criteria.

Figure 3. Heat map illustrating Spearman’s correlation coefficients among the evaluated physical
and chemical properties. The symbols * and ** represent p-values below 0.05 and 0.01, respectively.
Reddish tones correspond to negative correlations, blue tones refer to positive correlations, and color
intensity represents levels of correlation.

The C:N ratio clearly influenced both N occurrence and availability (r = 97, r = 75,
and r = 86) for total N, NH4

+, and NO3
−, respectively, as well as the nutrient parameters

Ca2+, Mg2+, and ECEC. Interactions between physical properties, including INFVk, were
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well correlated with POR and WSA (r = 98 and 85), respectively, and inversely correlated
with BD (r = −98) and PENRES (r = −96); POR was correlated with WSA and PENRES (r =
98 and r = 85), and WSA had an inverse correlation with PENRES (r = −82). With respect
to physicochemical interactions, WHC was well correlated with the C:N ratio (r = 92) and
nutrient levels (r = 83, r = 81, r = 95) for Ca2+, Mg2+, and ECEC, respectively.

Our physical results are consistent with those reported by Ortiz et al. [71], who
reported in conterminous plots under silvopastoral management correlations of (r ≥ 0.8)
for %WSA, POR, and INFV, indicating suitable hydraulic conditions in these soils. In
relation to chemical properties, our results are contrary to those reported by Ortiz et al. [71]
and Ortiz et al. [72] (both under agroforestry), where SOC was the core property, which
correlated to nutrient availability; in our case, the presumably higher pH values tend to
drive such a role.

3.5. Soil Microbial Communities

The metabarcoding results showed that changes in soil microbial communities in
degraded (FAD) and non-degraded (SEC) soils at two depths (20 and 5 cm) revealed
distinct patterns in the relative abundance and diversity of microbial classes (Figure 4),
affecting both prokaryotic and eukaryotic microorganisms. However, the eukaryotic
18S rRNA sequences obtained from the study fields were predominantly composed of
fungi. Therefore, we focused on the analysis of bacterial communities based on 16S rRNA
sequences, and fungal communities based on ITS-specific sequences.

Figure 4. Composition of microbial communities in degraded and non-degraded soils at different
depths. (A) Bacterial community and (B) fungal community. Bars represent the relative abundance
(%) of different microbial classes in degraded soils at 20 cm (FADist20) and 5 cm (FADist5) depths, and
in non-degraded soils at 20 cm (SECforst20) and 5 cm (SECforst5) depths. Different microbial classes
are indicated by specific colors, as shown in the legend. Differences in the abundance and diversity
of microbial classes reflect the influence of both soil degradation and depth.

For bacterial communities, the data showed that Alphaproteobacteria and Gammapro-
teobacteria were dominant in bacterial communities across all samples, with notable
variations between depths and soil types. In deeper soils (20 cm), there was a higher
relative abundance of Acidobacteria, especially in non-degraded soils (SEC). Conversely,
degraded soils (FAD) exhibited a higher presence of Bacilli and Thermoleophilia, indicating
a potential adaptation to altered soil conditions due to degradation. Several authors have
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reported that the presence of Bacilli, known for their ability to form endospores, can help
them survive harsh conditions, including soil degradation [80,81]. Thermoleophilia, a class
of bacteria within the phylum Actinobacteria, is typically found in hot and nutrient-poor
environments, indicating its adaptability to stress conditions [82]. The bar plots (Figure 4A)
showed that the dominant class in both SECFORST and FADIST was Alphaproteobacteria,
followed by Gammaproteobacteria, which was more represented in SECFrost 5–20. Ther-
moleophilia was particularly abundant at 0–5 m in both FADIST and SECFORST (13.6 and
14.2%, respectively), while Acidobacterieae was more abundant at depth, representing
7.7% of the community at FADist and 15.7% at SECFrost, a similar distribution pattern was
observed for Dormibacteria. Viciniamibacteria was more abundant at the FADist site at
both depths.

When analyzing the bacterial community structure, we observed that the represen-
tation of Dormibacteriaceae and Steroidobacteriaceae negatively correlates with the Mg2+

concentration, while other families as Solirubrobacteriaceae strongly correlated with PD, P,
and C:N. Pyrimonadaceae was positively correlated with pH but negatively correlated with
total S, Al, INFV, and K. Finally, UBA2999 negatively correlates with total N (Figure A1).

The bacterial community composition displayed a similar representation as those re-
ported by Navarrete et al. [21], who observed within the bacterial community a prevailing
occurrence of Proteobacteria (45.35 ± 0.89%), Acidobacteria (20.73 ± 1.48%), Actinobac-
teria (12.59 ± 0.34%), and Bacteroidetes (7.32 ± 0.36%). Among Proteobacteria, the most
abundant Alphaproteobacteria corresponded to Bradyrhizobium. Bacteria of this genus
penetrate the roots of many legume species, producing root nodules in which N fixation
occurs. Symbiotic N fixation is most important in forestry, where trees are closely associated
with many wild, herbaceous legumes [83]. It has also been demonstrated that soil pH
and soil C:N ratios significantly vary with soil microbial composition [84]. In our work,
Pyrinomonadaceae was strongly correlated with pH, while Solirubrobacteraceae was strongly
correlated with C:N, as well as with total P. Both pH and C:N were heavily influenced by
symbiotic N2 fixation. Recent research has revealed a link between the phosphate solubi-
lization capacity and increased potential for polysaccharide hydrolysis and carbohydrate
metabolism. This unique link strongly corresponds to the positive relationship between the
population density of PSB and available dissolved organic carbon in the soil [85]. In our
work, Pyrinomonadaceae strongly correlated with pH, while Solirubrobacteraceae strongly
correlated with C:N, but also with total P. Both the pH and the C:N are heavily influenced
by symbiotic N2 fixation. Recent research has revealed a link between the phosphate solu-
bilization capacity and increased potential for polysaccharide hydrolysis and carbohydrate
metabolism (Figure A1). This unique link corresponds strongly to the positive relationship
between the population density of PSB and available dissolved SOC [85].

For fungal communities, Figure 4B displays a significant shift in composition between
depths and soil types. The phyla Ascomycota and Basidiomycota were dominant in both
FADIST and SECFORST. The topsoil layer (0–5 cm) was dominated by Ascomycota (49%
and 50% of the fungal community) and Basidiomycota (50–49% of the fungal community).
In the second soil layer (5–20 cm), both FADIST and SECFORST were also dominated by
Ascomycota, accounting for 54% and 74% of the fungal community, respectively, along with
Basidiomycota (45% and 25% of the fungal community, respectively). In non-degraded
soils, classes such as Agaricomycetes and Leoiomycetes were more prevalent, suggesting
a rich saprotrophic community. In degraded soils, there was a marked increase in Doth-
ideomycetes in the second soil layer (5–20 cm), which could be associated with altered
organic matter composition and nutrient availability. Interestingly, the soils of the second
layer exhibited a lower diversity of fungi than the non-degraded soils. This could indicate
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the influence of agronomic management practices and the negative effects of degradation
on soil nutrient cycling [86–88].

The functional analysis using FAPROTAX (Figure 5) highlights key in silico processes
occurring in these soils. Soil depth and degradation status significantly influence the struc-
ture and functional potential of microbial communities. Non-degraded soils, particularly at
greater depths, support more diverse and functionally rich microbial communities, which
are crucial for maintaining soil health and ecosystem stability. Degraded soils, on the other
hand, exhibit a shift towards less diverse and more pathogenic microbial communities,
along with a potential reduction in key nutrient cycling processes. This study underscores
the importance of soil management practices in preserving soil microbial diversity and
functionality, which are essential for sustainable ecosystem services. On the other hand,
non-degraded soils exhibit a higher diversity of saprotrophic fungi, which play a crucial
role in decomposing complex organic matter. This is consistent with the higher organic
matter content typically found in non-degraded soils. However, degraded soils have a
higher representation of fungal pathogens and mycorrhizal fungi, possibly reflecting a
stressed environment in which plants are more susceptible to diseases and rely heavily on
symbiotic relationships for nutrient acquisition.

Figure 5. The figure shows a comparison of bacterial and fungal communities across soil samples
with different levels of organic management (FADIST and SECFORST). Panels (A,B) display the
distribution of bacterial and fungal communities, respectively, categorized by their energy sources,
biogeochemical cycles, trophic modes, and guilds, with color intensity reflecting the percentage of
each functional group. Panels (C,D) present heatmaps illustrating the correlations between microbial
community functions (bacterial and fungal) and soil characteristics, with color gradients indicating
the strength and direction of these correlations (red for positive and blue for negative). These analyses
highlight how varying soil management practices influence the composition and functional dynamics
of microbial communities in agricultural soils.
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We also observed a strong partitioning of the functions related to the soil properties
(Figure 5C,D, Appendix A). The sulfur cycle was strongly represented when PENRES, BD,
pH, and NO3

− were higher. In addition, N-related processes, such as denitrification and
aerobic ammonia oxidation, were more represented when the concentrations of Ca, Mg, and
WHC were higher. On the other hand, methanol oxidation, metanothrophy, ureolysis, and
photoheterotrophy were more represented when available K, K total, and SOC were higher.

In bacterial communities, deeper, non-degraded soils showed enhanced capacities
for nitrogen fixation and sulfur cycle processes, such as sulfite respiration and sulfate
reduction. This indicates a robust biogeochemical cycling capacity, possibly supporting
a more stable ecosystem [89]. Degraded soils, particularly at 5 cm depth, show increased
potential for fermentation and aerobic chemoheterotrophy, suggesting a shift towards more
anaerobic and less efficient energy-yielding processes, likely due to soil compaction and
reduced oxygen availability. Fungal functional profiles (Figure 5D) also differ significantly
between soil types and depths. The aerobic chemoheterothrophy was the most represented
energy source. The N fixation appears to be more represented at the FADIST, as well as the
dark hydrogen oxidation. Other metabolisms represented corresponded to metanothrophy
sulfite respiration and sulfate oxidation, iron respiration, and aerobic ammonia oxidation.

Microbial communities play a fundamental role in soil health, influencing nutrient
cycling, organic matter decomposition, and overall ecosystem resilience [2,90]. The ob-
served differences in bacterial and fungal composition between FADIST and SECFORST soils
suggest that post-disturbance microbial dynamics may drive long-term soil recovery [91].
The dominance of Alphaproteobacteria and Gammaproteobacteria, known for their roles
in organic matter decomposition and nitrogen cycling, indicates potential microbial con-
tributions to nutrient turnover [92,93]. Conversely, the higher presence of Acidobacteria
in deeper soils suggests microbial adaptation to resource-limited conditions, which may
affect carbon stabilization processes over time [94].

Additionally, the shifts in fungal communities, particularly the balance between As-
comycota and Basidiomycota, highlight potential changes in decomposition pathways
that could influence soil organic matter persistence [95]. These microbial trends align
with broader ecological resilience frameworks, where community stability and functional
redundancy are key indicators of a system’s ability to recover from disturbance [96]. The
functional analysis further supports this perspective, as degraded soils showed increased
microbial metabolic activity related to stress adaptation, while non-degraded soils main-
tained a more diverse functional profile, reinforcing their potential for long-term stabil-
ity [97]. Understanding these microbial shifts is critical for assessing the trajectory of soil
health in post-disturbance ecosystems. Future studies should further explore the long-
term implications of these microbial dynamics in soil carbon storage and nutrient cycling,
providing a more comprehensive view of their ecological impact [98].

Further research is necessary in terms of similar tests on different biomes-passive
management, temporal variations in tested properties in other secondary Nothofagus sp.
forests, as well as greater depths of present studies sites in order to elucidate the effects of
both systems on the soil profile, as well as the variations in their physical, chemical, and
biological properties, taking into account that this study seeks to be an approximation to
these conditions widely distributed at national level.

4. Conclusions

Our study highlights that post-disturbance passive management of native Nothofa-
gus forests in south-central Chile had similar effects on nutrient status, physical apti-
tudes for water cycling–plant utilization, a decline of soil carbon sequestration rates
(1.48 Mg SOC ha−1 y−1), and shifts only on abundance of soil microbiome for a ~45 y
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period. Such edaphic proximity could be attributed to three concurrent factors, the domi-
nance of Chusquea sp., which is a widespread regional opportunistic genre, able to inhibit
understory biocomplexity, transitioning SECFORST into to a more dynamic SOC system, the
SOC and nutritional residual effects of pyrogenic materias and recent agricultural activities
in FADIST and the overall influence of disctintive mineral fraction of volcanic soils on
nutrient availability-limitations and hydraulic properties. In addition, these soils exhibit
remarkable resilience traits, since a generalized upper desirable level (at 0–5 cm depth) of
most variables was analyzed, despite being statistically significant (p < 0.05), a trend also
observed in the SECFORST > FADIST comparison. Consequently, an a priori scarification
processes that promote ecosystem recovery (>25% of surface area) is highly recommended,
because, although Chusquea sp. promotes soil protection (e.g., soil cover, pedogenesis), it
impedes ecosystem recovery by setting severe limitations to original regeneration patterns.
In the case of productive management, agroforestry techniques are very suitable, since in a
direct comparison between natural regeneration vs. agroforestry systems established under
similar conditions, the latter also has great social and ecological advantages, potentially
serving as ecotones and/or major hillside production systems. Knowledge gaps involve
seasonal and forest evolution in relation to robust metagenomics and belowground carbon
dynamics studies (including pyrogenic) coupled with Chusquea sp. occurrence in order to
discriminate the effective C stabilization (CO2→SOC).
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Appendix A

Figure A1. Relationship between bacterial orders and soil properties. The symbols * and *** represent
p-values below 0.05 and 0.01, respectively.
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Abstract: (1) Background: As population growth accelerates, unsustainable practices such
as excessive cutting and burning of desert plants in the transition zones between deserts
and oases have led to widespread vegetation loss. (2) Methods: The experiment was
conducted in the oasis transition zone on the southern edge of the Taklamakan Desert
from 2010 to 2023 year. Among the treatments included a control group (CK), cutting in
spring (CS), cutting in fall (CF), burning in spring (BS), and flood water irrigation (FI). We
used high-throughput sequencing to determine soil microbial composition and diversity
and routine laboratory methods to determine soil physical and chemical properties and
enzyme activities. (3) Results: No significant differences in bacterial alpha diversity (Chao1,
Dominance, Observed_features, Pielou_e, Shannon, and Simpson) across the different long-
term disturbance patterns. In fungi, the CK treatment showed significantly higher Chao1,
Shannon, and Observed_features indices compared to BS and FI. Principal component
analysis revealed a substantial reduction in bacterial community diversity in BS compared
to FI, while fungal communities were lower in CK and CS compared to BS, CF, and FI;
(4) Conclusions: Soil moisture content, electrical conductivity, organic carbon, and the
activity of the enzyme cellobiohydrolase as key factors shaping the bacterial community.
For fungi, organic carbon and the β-1,4-glucosidase enzyme were the main drivers.

Keywords: desert ecosystems; arid regions; land management; soil nutrients; microbial diversity

1. Introduction

Soil microbes play a crucial role in terrestrial ecosystems, acting as key regulators
and contributors to nutrient cycling within the soil and across the entire ecosystem [1,2].
These microorganisms, such as bacteria, fungi, and actinomycetes, aid in the conversion
of nutrients and their release by breaking down organic material, mineralizing nutrients,
and establishing symbiotic interactions with plant roots [2–4]. Their responsiveness to
changes in the soil environment renders them crucial biological indicators for evaluating

Forests 2025, 16, 306 https://doi.org/10.3390/f16020306
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soil quality [3,5]. Moreover, the complex ecological interactions among diverse microbial
groups within the plant-soil system enhance nutrient uptake, stimulate plant growth, and
boost plant resilience to environmental stressors, thereby supporting plant health and
ensuring ecosystem stability [2,4,6,7].

Desert ecosystems, common in dry and semi-dry areas, confront significant environ-
mental difficulties, including extreme lack of water, elevated temperatures, increased soil
salinity, and shortages of nutrients [4,8]. Desert plants have evolved unique adaptations,
such as deep root systems, water-storing tissues, and reduced leaf surfaces, to survive
severe water scarcity and high temperatures [9,10]. To withstand extreme conditions, desert
plants often establish symbiotic relationships with drought-tolerant microorganisms, such
as Streptomyces, which significantly enhance their survival capabilities [11,12]. Alhagi spar-
sifolia Shap, a deep-rooted desert phreatophyte, is widely distributed across the arid and
saline regions of Central Asia. It is essential for maintaining the structure and function of
ecosystems, in addition to aiding local livestock farming [4,11,13]. Grasping the diversity
and community structure of soil microorganisms is crucial for illuminating the intricate
relationships that exist within the nutrient cycle of the soil and its microorganisms. At the
boundary where the desert meets the oasis on the outskirts of the Taklamakan Desert, there
exists a dry ecosystem that is low in nutrients and primarily characterized by longstanding
desert vegetation [9,13]. Changes in land use and plant litter inputs can significantly alter
soil hydrothermal conditions and nutrient content [8]. These shifts, in turn, influence the
composition and diversity of soil microbial communities [14,15]. In addition to influencing
the abundance of microorganisms that utilize carbohydrates and aromatic compounds
as carbon sources, different land use patterns also impact microbial communities that
metabolize other compounds, such as nitrogen compounds, lipids and fatty acids, sulfur
compounds, phenols, and lignin derivatives [16–18]. Although shifts in land use can change
the composition and abundance of soil microbes, microbial diversity itself often remains
relatively stable [13,19]. Fungi demonstrate a more significant resilience to water stress
compared to bacteria and are essential in aiding bacterial populations in arid soils [20,21].
Thus, it is important to examine the diversity and community structure of both fungi and
bacteria in these dry, nutrient-deficient ecosystems.

In the southern Tarim Basin, increasing human activities such as grazing, cutting, and
burning have rapidly transformed the structure, function, and nutrient dynamics of ecosys-
tems, profoundly impacting plant communities and broader global ecosystems [12,22]. Cut-
ting and burning practices can reduce root respiration and exudates, limiting nutrient
availability for soil microbes [23,24]. Selective cutting, however, has been shown to sig-
nificantly increase soil enzyme activities (e.g., β-glucosidase, urease, phosphatase), as
well as soil moisture, total nitrogen, phosphorus, and hydrolyzable nitrogen content [25].
Burning can alter soil pH and nutrient availability, leading to losses in carbon and nitrogen
and influencing microbial metabolic activity [26,27]. While burning decreases hydrolase
activities for carbon, nitrogen, and phosphorus acquisition significantly, it has been found
to enhance oxidative enzyme activities [28].

In the desert-oasis transition zone of the southern Tarim Basin, A. sparsifolia is fre-
quently cut for livestock fodder in spring and autumn, and burning is mainly used in
agricultural areas [12,29]. Floodwater irrigation, using water stored during upstream
summer floods, helps protect desert vegetation by providing ecological support [30]. This
study applied long-term artificial disturbance treatments—cutting in spring (CS), cutting
in fall (CF), burning in spring (BS), and flood water irrigation (FI)—at the Cele Desert
Research Station from 2009 to 2023. The aim was to evaluate the effects of these treatments
on the soil’s physical and chemical properties and the microbial communities associated
with A. sparsifolia. We hypothesized that (1) the various long-term disturbance treatments
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would alter the microbial community structure and composition, and (2) changes in soil
organic carbon and available nutrients would not significantly affect soil extracellular
enzyme activity. This study provides insights into how soil characteristics and microbial
communities respond to long-term disturbances, enhancing our understanding of desert
ecosystem management.

2. Materials and Methods

2.1. Site Description

The experiment was carried out at the Cele desert research station of the Chinese
Academy of Sciences (80◦43′45′′ E, 37◦00′57′′ N). The average temperature in the region
is 11.9 ◦C, with winter lows reaching −23.98 ◦C and summer highs reaching 41.98 ◦C.
The average annual rainfall is 35.1 mm, while the average evaporation rate is significantly
higher at 2600 mm [4]. On average, the region experiences 25.2 sandy days (sandstorms)
annually, with a maximum of 59 days recorded. Additionally, there are between 3 to
9 instances of strong winds exceeding grade 8 each year [13]. A. sparsifolia, Karelinia caspia,
Calligonum caput-medusae, and Tamarix ramosissima communities dominate the undisturbed
dunes bordering the Cele oasis-desert transition area [9,13].

2.2. Experiment Design and Sampling

To protect and sustainably manage desert vegetation, particularly A. sparsifolia, which
is both a dominant and constructive species, we established a long-term research site. The
experimental treatment was conducted annually from 2009 to 2023. A random block design
was implemented to establish an experimental area measuring 20 m × 20 m for each plot
in 2009, which was enclosed by a wire fence. The research consisted of five treatments:
a control group (CK), cutting in spring (CS), cutting in fall (CF), burning in spring (BS),
and flood water irrigation (FI), with four replicates for each treatment, resulting in a total
of 20 experimental plots. In 2009, the essential soil physicochemical properties examined
included soil pH (7.72), soil organic matter (SOM) content (1.45 g·kg−1), total nitrogen
(TN) (1.24 g·kg−1), total phosphorus (TP) (1.38 g·kg−1), total potassium (TK) (1.04 g·kg−1),
available phosphorus (AP) (3.46 mg·kg−1), and available potassium (AK) (206.11 mg·kg−1)

The specific treatments included:

• CS: From 2010 to April 2023, all A. sparsifolia plants were cut at ground level, and the
aboveground biomass was removed from the plot.

• CF: From 2010 to October 2023, all A. sparsifolia plants were cut at ground level, and
the aboveground biomass was removed from the plot.

• BS: From 2010 to April 2023, all aboveground parts of A. sparsifolia were burned using
artificial fire.

• FI: From 2010 to July 2023, heavy rainfall was simulated to cause flooding, with a
water application rate of 1800 m3·hm−2.

• CK: From 2010 to 2023, this treatment allowed for the natural growth of A. sparsifolia
without any interference.

In 2023, field research was carried out during the autumn (October) at long-term
monitoring sites to gather soil samples. Before sampling, all tools and containers were
strictly disinfected to prevent microbial cross-contamination. The five-point sampling
method was used to drill 0~50 cm soil samples with a diameter of 7 cm [31]. Preferentially,
the soil moisture content (SMC), pH, and EC (electrical conductivity) were measured. The
samples were split into two sections, with one portion being left to dry in a shaded area
for the analysis of soil organic carbon (SOC) and total nitrogen, phosphorus, potassium
(TN, TP, and TK, respectively), and available nitrogen, phosphorus, potassium (AN, AP,
AK, respectively), whereas the other segment was kept in a fridge at 4 ◦C to assess soil
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enzyme and microbial biomass. Simultaneously, soil microbial samples from depths of 0 to
50 cm were gathered, placed in dry ice for preservation, transported to the lab under cold
conditions, and promptly stored in a freezer at −80 ◦C.

2.3. Soil Physicochemical Properties Analysis

To measure SOC, TN, AN, and AK, the following methods were used: the K2Cr2O7-
H2SO4 oxidation method, the Kjeldahl Nitrogen Analyzer (K1160, Jinan Hanon Instru-
ments Co. Ltd., Jinan, China), the alkali hydrolyzable method, and the NH4OAc extraction
method. Before measuring TP and TK with the Inductively Coupled Plasma-Optical Emis-
sion Spectrometer (iCAP 6300, Thermo Elemental, Waltham, MA, USA), the samples were
digested in concentrated HNO3. AP extracted with HCl/NH4F was determined colorimet-
rically using ascorbic acid molybdate on a continuous-flow autoanalyzer (Autoanalyzer 3,
Bran and Luebbe, Norderstedt, Germany) [32–34]. The pH of the soil {soil/water ratio of
1:2.5 (w/v)} and its EC {soil/water ratio of 1:5 (w/v)} were measured using a pH and EC
meter (PHSJ-6 L and DDSJ-319 L, INESA Scientific Instrument Co. Ltd., Shanghai, China)
manufactured, respectively.

2.4. Soil Microbial Biomass and Enzyme Activity Analysis

Microplate fluorescence technique was used to analyze the levels of Cellobiohydrolase
(CBH), β-1,4-glucosidase (BG), β-1,4-N-acetylglucosaminidase (NAG), Lleucine aminopep-
tidase (LAP), and Alkaline phosphatase (ALP) in the soil [35,36]. Information on the
hydrolysis substrate can be found in Table 1. Specifically, weigh 1 g of fresh soil into a
plastic bottle (250 m), add 125 mL distilled water, and shake for 2 h (25 ◦C; l80 r·min−1).
First, 1 mL of suspension was absorbed into the centrifuge tube (2 mL), 0.25 mL of flu-
orescent substrate was added, three parts were absorbed (adding different fluorescent
substrates) and shaken well. Secondly, culture at 25 ◦C for 4 h away from light. Set blank
sample and quenching standard sample at the same time. Then, 50 uL 0.5 mol·L−1 NaOH
was added to terminate the reaction and then shaken. Transfer 250 uL to 96 well plate.
Finally, the excitation wavelength of 4 MUB is 365 nm, and the detection wavelength is
450 nm. The chloroform fumigation extraction method was utilized to measure microbial
biomass carbon, nitrogen, and phosphorus (MBC, MBN, and MBP, respectively) [37], with
subse-quent adjustment using a conversion factor of 0.45, 0.45, and 0.40 [38].

Table 1. Name, function, and corresponding substrates of soil enzyme activities measured in
this study.

Enzyme Abbreviation Function Substrate

Cellobiohydrolase CBH
By acting on the B-1,4-glycosidic bond in

the cellulose molecule, the cellulose is
decomposed into smaller cellobiose units.

4-methylumbelliferyl-
cellobioside

β-1,4-glucosidase BG

Catalyzes the hydrolysis of terminal
1,4-linked β-D-glucose residues from
β-D-glucosides, including short-chain

cellulose oligomers.

4-methylumbelliferyl-
glucoside

β-1,4-N-
acetylglucosaminidase NAG

Catalyzes the hydrolysis of terminal 1,4
linked N-acetyl-β-D-glucosaminide
residues in chitooligosaccharides.

4-methylumbelliferyl-
acetyl-glucosaminidase

Lleucine
aminopeptidase LAP It is a hydrolase, which can decompose

proteins into amino acids.
L-Leucine- 7-amino-4-

methylcoumarin

Alkaline phosphatase ALP It mainly acts on the organic phosphorus in
the soil and hydrolyzes it into phosphate.

4-methylumbelliferyl-
phosphate
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2.5. DNA Extraction, PCR Amplification, Illumina Sequencing, and Bioinformatics Analysis

To obtain the complete genomic DNA from bulk soil, the DNeasy Power Soil DNA
Isolation Kit (Qiagen, Inc., Venlo, The Netherlands) was utilized. The amount of the
isolated DNA was determined by employing the NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), while the quality was evaluated through
agarose gel electrophoresis. PCR (Polymerase Chain Reaction) amplification of bacterial
16S rRNA genes V3–V4 region and fungal ITS 1–5 F (Internal Transcribed Spacer) region
was performed using universal primers 341 F (5-CCTAYGGGRBGCASCAG-3) and 806R (5-
GGACTACNNGGGTATCTAAT-3); ITS 5-1737F (5-GGAAGTAAAAGTCGTAACAAGG-3)
and ITS 2-2043R (5-GCTGC GTTCTTCATCGATGC-3), respectively.

According to the Barcode sequence and PCR amplified primer sequence, each sample
data was separated from the dismounting data. After the Barcode sequence and primer
sequence were cut off, the reads of each sample were spliced using FLASH (v1.2.11)
software [39]. The spliced sequences were Raw Tags data. Then, FASTP (v0.23.1) software
is used to process the Raw Tags obtained by splicing through strict filtering to obtain
high-quality Clean Tags data [40]. The Tags obtained after the above processing need to be
processed to remove the chimeric sequence. The Tag sequence is compared with the species
annotation database through VSEARCH (v2.16.0) software to detect the chimeric sequence,
and the chimeric sequence is finally removed to obtain the final Effective Tags [41].

Additional sequence filtering was performed using the QIIME-II software (v202202) [42].
Operational taxonomic units (OTUs) were generated using the Uparse algorithm (v7.0.1001)
with a 97% similarity threshold [43]. Bacterial OTUs were classified with an RDP (Riboso-
mal Database Project) classifier (confidence threshold of 70%) based on the Mothur method
and SSUrRNA database of Silva database (version 138.1) (Set threshold to 0.8~1) [44,45].
Fungal OTUs were classified based on the UNITE database [46] were utilized. The statistical
results of data processing are shown in Table 2. The raw sequencing data can be accessed
in the National Center for Biotechnology Information (NCBI) Short Read Archive under
BioProject ID PRJNA1149307.

Table 2. Data preprocessing statistics and quality control (mean).

Treatments RawPE Combined Qualified Nochime
Base
(nt)

Avglen
(nt)

GC
(%)

Q20
(%)

Q30
(%)

Effective
(%)

CK 97,307.25 87,601.75 87,292.25 84,882.50 18,956,465.75 222.95 49.84 98.34 95.67 86.79
CS 104,739.00 99,001.00 98,758.25 96,509.25 21,395,038.00 221.82 48.48 98.90 96.93 92.08

Bacteria CF 161,639.75 153,178.50 153,038.25 151,282.75 32,896,311.75 215.24 48.41 99.74 98.73 93.82
BS 140,181.50 134,873.25 134,720.25 133,191.50 29,453,824.00 220.52 48.12 99.67 98.55 95.27
FI 105,605.75 102,683.25 102,634.50 101,557.50 21,697,796.00 213.67 48.50 99.81 99.08 96.17

CK 116,928.75 115,880.75 114,370.00 77,550.50 31,901,248.25 411.51 57.96 98.79 95.88 66.36
CS 116,551.00 115,295.75 113,758.00 71,316.50 29,449,188.50 412.88 57.54 98.76 95.87 61.19

Fungi CF 117,475.25 116,139.25 114,738.75 88,316.75 36,450,969.50 412.76 57.37 98.85 96.07 75.09
BS 124,760.75 123,477.50 121,828.00 82,082.00 33,944,259.50 413.50 56.96 98.71 95.70 65.99
FI 116,183.00 114,639.50 113,148.25 91,473.75 37,500,255.50 410.08 57.38 98.76 95.82 78.88

Note: (1) RawPE indicates the original PE reads from the machine; (2) Combined is the sequence of Tags obtained
by connection; (3) Qualified is the sequence of Raw Tags after filtering low quality and short length; (4) Nochime
is the Tags sequence that is ultimately used for subsequent analysis after filtering the chimera, that is, Effective
Tags; (5) The Base is the number of bases in the final Effective Tags; (6) AvgLen is the average length of Effective
Tags; Q20 and Q30 are the percentage of bases with base mass values greater than 20 (sequencing error rate less
than 1%) and 30 (sequencing error rate less than 0.1%) in Effective Tags. (7) GC(%) represents the content of GC
bases in Effective Tags; (8) Effective(%) is the percentage of the number of Nochime to the number of rawPE.

2.6. Statistical Analysis

Statistical analysis utilized R v4.1.0. Most of the findings were displayed using pack-
ages such as ‘ggplot2’, ‘vegan’, ‘corrplot’, ‘randomForest’, and ‘rfPermute’ [47–50]. Before
applying parametric tests, data was tested for normality and equality of variances. A
one-way ANOVA was employed to analyze the impact of various long-term artificial dis-
turbance treatments {control group (CK), cutting in spring (CS), cutting in fall (CF), burning

82



Forests 2025, 16, 306

in spring (BS), and flood water irrigation (FI)} on soil bacterial and fungal alpha diversity
(Chao1, Observed_features, Dominance, Pielou_e, Shannon, and Simpson index) using
Duncan’s method (p < 0.05; mean ± standard error) [51]. The microeco package was used
for LEfSe (Linear Discriminant Analysis Effect Size) analysis to identify unique biomarkers
that highlight differences in soil microbial communities (based on phylum, class, order,
family, genus, and species) [52]. Principal component analysis (PCA) and non-metric
multidimensional scaling (NMDS) were employed to analyze variations in soil bacterial
and fungal communities (based on OTU levels). The first and second axis data of principal
components were extracted to compare the differences between different treatments, and
the histogram was used to show (using PERMANOVA with 999 permutations). Using
redundancy analysis (RDA) and Venn diagrams, the most suitable model was identified
using both selections with 999 permutations and the significant influence of soil properties
on bacterial and fungal communities (based on OTU levels). The Mantel test, employing
999 permutations, was conducted to assess Spearman’s correlations between soil bacterial
and fungal alpha diversity and various soil properties. Additionally, random forest models
were utilized to identify the key soil properties that significantly influence bacterial and
fungal alpha diversity under different artificial long-term disturbance conditions [49].

3. Results

3.1. Effects of Long-Term Disturbance on Soil Physicochemical Properties, Microbial Biomass, and
Enzyme Activity

Significantly higher SMC was observed in the FI management measure in comparison
to the CK, CS, CF, and BS management measures. No notable variations were observed in
soil pH, EC, TN, TP, TK, and AP across the various management measures (CK, CS, CF, BS,
and FI). The soil SOC and AK contents were notably higher under the CS than under the FI
management measure. Furthermore, the soil AN in the CK was notably greater than that of
the FI management measure. There were no significant changes in soil MBC, MBN, and
MBP across various management strategies (CK, CS, CF, BS, and FI). The study revealed
that there were no significant changes in soil enzyme activities (BG, CBH, NAG, LAP, and
ALP) related to the cycling of C, N, and P under different management practices (CK, CS,
CF, BS, and FI) (Table 3).

3.2. Alterations in the Relative Abundance and Diversity of Soil Microbial Phyla Under Various
Artificial Long-Term Disturbance Treatments

Under different artificial long-term disturbance treatments (CK, CS, CF, BS, and
FI), for bacteria, Actinomycetota and Pseudomonadota accounted for the largest proportion
(Figure 1a,b), and for fungi, Ascomycota accounted for the largest proportion (Figure 1c,d).
Bacterial alpha diversity (Chao1, Dominance, Observed_features, Pielou_e, Shannon, and
Simpson) did not show significant variation across various artificial long-term disturbance
treatments in the study (Figure 2a–f). In the CK treatment, the fungal Chao1 index demon-
strated significantly higher values when contrasted with the CS, BS, and FI treatments
(Figure 2g). Likewise, the fungal Observed_features index observed in the CK treatment
was notably greater than in the CS, CF, BS, and FI treatments (Figure 2i). Moreover, the
fungal Pielou_e index in CK treatment exhibited a significant increase relative to CF and
FI treatments (Figure 2j). Furthermore, there was a significant rise in the fungal Shannon
index in both the CK and CS groups compared to the CF, BS, and FI groups (Figure 2k).
Conversely, the fungal Dominance index in FI treatment significantly exceeded that in CK
and CS treatments (Figure 2h). Compared to the CK and CS treatments, the fungal Simpson
index in the FI treatment was significantly the lowest (Figure 2l).
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Figure 1. Relative abundance and proportion of soil microbial phyla (bacteria and fungi) under
different artificial long-term disturbance treatments. (a,c) indicates the relative abundance proportion
of soil bacteria and fungi under different artificial long-term disturbance treatments. (b,d) show that
under different artificial long-term interference treatments, the relative abundance of phyla levels is
ordered from large to small.

Notably, both burning and spring-cutting treatments significantly enhanced soil fungal
alpha diversity.

3.3. LEfSe Analysis of Soil Microbial Communities Under Various Artificial Long-Term
Disturbance Treatments

The o_Frankiales, f_Geodermatophilaceae, f_Longimicrobiaceae, o_Longimicrobiales,
c_Longimicrobia, g_Blastococcus, g_Geodermatophilus, o_Acetobacterales, f_Acetobacteraceae,
f_Microtrichaceae, g_Roseomonas, and g_Modestobacter were identified as biomarkers of soil
bacterial communities in the CK. In the CS treatment, the o_Bacillales, f_Planococcaceae,
g_Domibacillus, f_Azospirillaceae, o_Azospirillales, g_Actinomycetospora, f_Streptosporangiaceae,
s_planctomycete_WY108, and g_unidentified_WD2101_soil_group emerged as the respec-
tive biomarkers. For the CF treatment, the g_Saccharothrix, c_Clostridia, g_Haliangium,
f _Haliangiaceae, o_Haliangiales, s_Massilia_albidiflava, and f_Methylopilaceae served as
the biomarkers for soil bacterial communities. In the BS treatment, p_Armatimonadota,
o_Armatimonadales, c_Armatimonadia, and o_Sphingobacterialesas biomarkers for soil bac-
terial communities. In the FI treatment, c_Gammaproteobacteria, o_Pseudomonadales,
f_Sandaracinaceaes, f_Sandaracinaceae, s_Nocardioides_dilutes, o_Salinisphaerales, and g_Azoarcus
was the biomarkers for soil bacterial communities (Figure 3A).

The s_lssatchenkia_orientalis, c_Saccharomycetes, f_Saccharomycetaceae, g_lssatchenkia,
o_Saccharomycetales, f_Sporormiaceae, s_Sporormiella_megalospora, f_Plectosphaerellaceae,
o_Glomerellales, s_Aspergillus_kalimae, s_Verticillium_dahliae, g_Verticillium, g_Glomeraceae_
gen_incertae_sedis, g_Sporormiella, s_Botryotrichum_atrogriseum, g_Botryotrichum, and
f_Clavicipitaceae were identified as the biomarkers of soil fungal communities in the CK,
according to LEfse analysis. The f_Clavicipitaceae, c_Dothideomycetes, o_Botryosphaeriales,
f_Botryosphaeriaceae, f_Didymellaceae, g_Volutellas, and s_Volutella_ciliata were identified as
the biomarkers of soil fungal communities in the CS. In the CF treatment, s_Solicoccozyma_
terricola served as the biomarker for soil fungal communities. In the BS treatment,
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s_Biappendiculispora_sp, g_Biappendiculispora, and s_Preussia_lignicola are biomarkers for
soil fungal communities. In the FI treatment, f_Nectriaceae, g_Fusarium, o_Hypocreales,
c_Sordariomycetes, c_Tremellomycetes, s_Saitozyma_podzolica, f_Trimorphomycetaceae, g_Saitozyma,
g_Mortierella, and o_Tremellales were the biomarkers for soil fungal communities (Figure 3B).

Figure 2. Effects of soil bacterial and fungal alpha diversity under different artificial long-term
disturbance treatments. (a–f) represents the changes of soil bacterial diversity (Chao1, Dominance,
Observed_features, Pielou_e, Shannon, and Simpson index, respectively) under different artificial
long-term disturbance treatments. (g–l) represents the changes of soil fungal diversity (Chao1,
Dominance, Observed_features, Pielou_e, Shannon, and Simpson index, respectively) under different
artificial long-term disturbance treatments. Different lowercase letters (a–c) indicate significant
differences among different artificial long-term disturbance treatments at the p < 0.05 level (ANOVA
and Duncan’s test).

3.4. Multivariate Analyses (NMDS, PCA, and RDA) to Understand Key Interactions Among Soil
Microbial Communities, Physicochemical Properties, Microbial Biomass, and Enzyme Activity

We found that the linear fit between the observed dissimilarity and ordination distance
of the bacterial and fungal communities was higher than 0.8 (Figure 4a,d). Under differ-
ent artificial long-term disturbance treatments, NMDS revealed that bacterial community
variations were predominantly localized, while fungal community variations were com-
paratively scattered (Figure 4b,e). In the first principal component, bacterial communities
were notably reduced in BS compared to FI, while fungal communities in CK and CS were
notably lower than those in BS, CF, and FI (Figure 4c,f). The variance in soil bacterial
communities was primarily influenced by soil SMC, EC, SOC, and CBH (Figure 5a,b). Con-
versely, soil SOC and BG were the primary determinants of fungal community variation
(Figure 5c,d).
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Figure 3. Biomakes screened by linear discriminant analysis effect size (LEfSe) analysis based on
the community level. (A,B) LEfSe analysis of soil bacterial and fungal communities under different
artificial long-term disturbance treatments, respectively. The figure shows the biomarkers with
statistical differences between groups, and the horizontal axis is the LDA score. The bacterial
communities with LDA scores greater than 3.01 are shown. The fungal communities with LDA scores
greater than 3.69 are shown.

 
Figure 4. Principal component analysis (PCA) and non-metric multidimensional scaling analysis
(NMDS) for soil bacterial and fungal communities (based on OTUs levels) under different artificial
long-term disturbance treatments. (a,d) represent the relationship between observed dissimilarity
and ordination distance of soil bacterial and fungal communities, respectively. (b,e) represent the
non-metric multidimensional scaling analysis of soil bacterial and fungal communities under different
artificial long-term disturbance treatments, respectively. (c,f) represent the principal component
analysis of soil bacterial and fungal communities under different artificial long-term disturbance
treatments, respectively. The data of the first axis of the principal component are selected in the
histogram to compare the differences between different artificial long-term disturbance treatments.
Significance codes, “*”, p < 0.05; “**”, p < 0.01.
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Figure 5. Redundancy analysis (RDA) and Venn diagrams among soil properties and bacterial and
fungal communities (based on OTUs levels). (a,c) represent the effects of soil factors on soil bacterial
and fungal microbial communities (based on OTUs levels), respectively. The screening indicators
were screened by ordistep, and the significance test (ANOVA) was performed. (b,d) represent the
percentage of individual and joint interpretations of soil factors. Significance codes, “*”, p < 0.05;
“**”, p < 0.01; “***”, p < 0.001.

3.5. Correlation of Soil Microbial Diversity with Soil Physicochemical Properties, Microbial
Biomass, and Enzyme Activity

The CK demonstrated a significant correlation between the bacterial Pielou_e and
soil AP, along with a notable relationship between the fungal alpha diversity (Chao1,
Observed_features, and Shannon index) and soil pH, TK, MBC, MBN, MBP, BG, and CBH
(Figure 6a,b). In CS, the bacterial alpha diversity showed a strong connection with soil TP,
CBH, and LAP. Fungal Dominance and Shannon index showed a significant correlation
with soil EC, TK, and AP (Figure 6c,d). In CF treatment, soil TK and AK were significantly
correlated with the fungal alpha diversity (Chao1, Dominance, Pielou_e, Shannon, and
Simpson index) (Figure 6f). There was no correlation between the soil’s physical and
chemical properties and soil bacteria (in CF, BS, and FI treatments) and fungal alpha
diversity (in BS treatments) (Figure 6e,g–i). Conversely, In the case of FI, the fungal alpha
diversity (Dominance, Pielou_e, Shannon, and Simpson index) was found to be significantly
correlated with soil TP, BG, and CBH (Figure 6j).
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Figure 6. Mantel test analysis of soil bacterial and fungal alpha diversity and soil properties under
different artificial long-term disturbance treatments. The size and color of the square in the figure
represent the significant difference in soil properties. The greater the significant difference, the larger
the square. The color of the square is blue, indicating a positive correlation, and the color of the
square is red, indicating a negative correlation. The orange and green indicate the correlation between
alpha diversity and soil factors. In (a–d,f,j), green indicates that the significance range is between
0.01 and 0.05, and orange indicates that the significance is greater than or equal to 0.05. In (e,g–i),
green indicates that the significance is greater than or equal to 0.05. Significance codes, “*”, p < 0.05;
“**”, p < 0.01; “***”, p < 0.001.
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3.6. Influence of Soil Physicochemical Properties, Microbial Biomass, and Enzyme Activity on
Microbial Diversity Under Various Artificial Long-Term Disturbance Treatments

The analysis using RF indicated that the bacterial Dominance index was greatly
influenced by soil AP and ALP, whereas the Simpson index was notably impacted by soil
SMC and MBN (Figure 7b,f). In contrast, the fungal Dominance index was significantly
influenced by soil AP, while the Pielou_e index was affected by soil EC, SMC, and AP
(Figure 7h,j). Additionally, the fungal Shannon index showed significant associations with
soil TP, AP, LAP, and NAG, and the Simpson index was influenced by SMC, AP, and TN
(Figure 7k,l).

 

Figure 7. Random forest analysis of soil physical and chemical properties affecting soil bacterial
and fungal alpha diversity under different artificial long-term disturbance treatments. (a–f) rep-
resent the effects of soil properties on bacterial diversity (Chao1, Dominance, Observed_features,
Pielou_e, Shannon, and Simpson index) under different artificial long-term disturbance treatments,
respectively. (g–l) represent the effects of soil properties on fungal diversity (Chao1, Dominance,
Observed_features, Pielou_e, Shannon, and Simpson index) under different artificial long-term
disturbance treatments, respectively. Significance codes, “*”, p < 0.05; “**”, p < 0.01.

4. Discussion

4.1. Effects of Various Management Patterns on Soil Microbial Communities and Diversity

In this study, Actinomycetota, Pseudomonadota, and Ascomycota emerged as the most
prevalent bacterial and fungal phylum in desert soil across various management patterns.
These findings are consistent with previous research, which identified Actinomycetota,
Pseudomonadota, Firmicuteota, and Bacteroidetes as the dominant bacterial taxa in desert
soils [53]. This consistency can be attributed to the nutrient-deficient conditions typical
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of desert ecosystems, where soil microbes predominantly depend on plant-derived or-
ganic matter for sustenance [13,54]. These microbes play a critical role in decomposing
plant litter, thereby enhancing the soil’s nutrient content [9,55]. Actinomycetota is known
to dominate desert regions due to their ability to degrade cellulose and lignin in plant
residues, thus providing essential nutrients for the soil [53,54,56]. Similarly, Firmicuteota
can produce endospores, enabling them to withstand desiccation and environmental stress
while stabilizing substrates and introducing nutrients, which allows them to thrive in
nutrient-deficient sandy soils [57–59]. Additionally, Ascomycota is vital in arid regions with
limited nutrients and rainfall, forming symbiotic relationships with other organisms to de-
compose organic material, improve nutrient availability, and promote plant growth under
challenging environmental conditions [60–62]. The LEfSe analysis revealed that during the
cutting treatment in spring, f_Planococcaceae and f_Azospirillaceae emerged as biomarkers for
soil bacterial communities, whereas f_Botryosphaeriaceae and f_Didymellaceae were linked to
soil fungal communities. In this context, A. sparsifolia, a leguminous plant, may establish a
mutually beneficial relationship with rhizobia, facilitating nitrogen fixation and enhancing
the nutrient-poor sandy soil affected by wind erosion [29,63]. This suggests that desert
soils are nutrient-deficient, with bacteria playing a significant role in alleviating nitrogen
limitations through ammonification of easily decomposed substances [2,64]. Changes in
fungal diversity may also be influenced by geographic ecological conditions and varying
tolerances to environmental factors [29,64].

Physical disturbances significantly impact the spatial distribution and temporal dy-
namics of soil microbial communities in arid environments, including sand covering, tree
removal, and wildfires [13,65]. For instance, fire and post-fire management practices have
been shown to alter soil organic carbon, pH, and enzyme levels, which in turn influence
the diversity and abundance of soil bacteria and fungi [61,66]. This study revealed that the
spring burning treatment significantly increased soil fungal alpha diversity. This effect may
stem from the retention of ash, unburned residues, and root materials in the soil, which
provide carbon and nitrogen sources for microbial decomposition [9,13,29]. This process
contributes essential nutrients for soil fungi, promoting the stability of microbial communi-
ties and enhancing energy substrates in the soil, thereby affecting the nutrient dynamics of
various plant communities in desert ecosystems [67,68]. Moreover, the spring-cutting treat-
ment significantly improved the Shannon index for soil fungi. Additionally, soil organic
carbon and available potassium contents were notably higher under the spring-cutting
treatment compared to the floodwater irrigation treatment. The processes of cutting and
burning may lead to a reduction in readily available nutrients, such as carbon and nitrogen,
for soil microbes [23,69]. Furthermore, cutting and burning facilitate the breakdown, up-
take, and alteration of nutrients and root exudates by soil microbes, ultimately creating a
favorable environment for microbial growth and development [70,71].

4.2. Effects of Environmental Factors on Soil Microbial Communities and Diversity

The distribution, diversity, and composition of soil microbial communities are pre-
dominantly influenced by the interplay of biological and abiotic factors [72,73]. In arid
ecosystems, microbial diversity is significantly influenced by various abiotic factors, includ-
ing fluctuating temperatures, intense ultraviolet radiation, soil moisture levels, and nutrient
availability. Additionally, biotic factors, such as plant species diversity and abundance,
play a crucial role in shaping microbial communities [73,74]. The findings of this research
indicate that the Dominance index for both bacterial and fungal communities was notably
influenced by soil-available phosphorus, while the Simpson index for these communities
was significantly impacted by SMC. Previous studies have demonstrated that variations
in temperature and moisture can influence the decomposition and transformation of or-
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ganic substances, thereby affecting the utilization of organic matter and nitrogen by soil
microorganisms [75,76]. In this study, key factors affecting soil bacterial communities
included EC, SMC, SOC, and CBH. In contrast, SOC and BG were identified as major
drivers of variation in soil fungal communities. Cutting treatments significantly increased
soil β-glucosidase activity, urease activity, phosphatase activity, moisture content, total
nitrogen, total phosphorus, and hydrolyzable nitrogen, thus enriching the soil with nutri-
ents for microorganisms [25,77] and promoting microbial reproduction [54,77,78]. These
findings suggest that the rational utilization of desert plants can provide additional energy
resources to the desert ecosystem, with cutting and burning serving as effective methods to
achieve this goal [79]. In this study, no significant changes were observed in soil enzyme
activities (Cellobiohydrolase, β-1,4-glucosidase, β-1,4-N-acetylglucosaminidase, Lleucine
aminopeptidase, and Alkaline phosphatase) related to the cycling of carbon, nitrogen, and
phosphorus under different management practices. However, other studies suggest that
burning can influence soil pH and alter the availability of carbon and nitrogen, leading to
nutrient losses that impact the metabolic activities of soil microbes [26,27]. While burning
has been shown to significantly reduce extracellular enzyme activity associated with carbon,
nitrogen, and phosphorus acquisition, it can simultaneously enhance oxidative enzyme
activity [28]. The effects of cutting on soil enzyme activity and microbial biomass, however,
largely depend on the intensity and duration of the treatment. Moderate cutting may have
minimal impact on soil nutrient dynamics and microbial activity, whereas intensive or
prolonged cutting can lead to substantial changes [80,81]. Additionally, factors such as
soil type, climate conditions, and vegetation composition may buffer the effects of differ-
ent management practices on soil enzyme activity and microbial biomass [82,83]. Soils
with high organic matter content or well-established microbial communities may exhibit
greater resilience to disturbances like cutting, thereby maintaining stable enzyme activities
and nutrient levels [81,84]. This suggests that burning may contribute to a reduction in
readily available nutrients such as carbon and nitrogen for soil microbes [23,69], which
is inconsistent with the results of this study. These findings indicate that changes in soil
organic carbon and available nutrients did not alter soil extracellular enzyme activity under
different management measures.

Furthermore, the study found that the alpha diversity of fungi following floodwater
irrigation was significantly lower than that of those in the control group. Additionally,
available nitrogen in the control group was notably higher compared to the floodwater
irrigation treatment. This suggests that long-term floodwater irrigation may lead to nutrient
leaching from the surface to deeper soil layers, thereby addressing the nutrient requirements
of the deeper soil [85,86]. Field experiments revealed an increase in total nitrogen content in
the topsoil following floodwater irrigation, with available soil nutrients showing a tendency
to migrate toward lower soil layers [87]. This indicates that the combined presence of water
and heat after irrigation enhances microbial activity, promoting the decomposition of
organic matter and improving nutrient availability in the topsoil [88]. The future direction
of this research will focus on continued long-term monitoring to provide policymakers
with insights into the rational use of desert plants and land management strategies.

4.3. Limitations and Considerations of the Study

This study provides valuable insights into the effects of management practices on
soil microbial communities in desert ecosystems. However, several limitations should be
acknowledged. One key limitation is the lack of long-term data, which is essential for as-
sessing the sustained impacts of different management strategies on soil microbial diversity
and function over time. Additionally, while our findings are relevant to desert ecosystems,
they may not be directly generalizable to other environments with distinct ecological condi-
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tions, such as temperate forests or grasslands. Moreover, although the study incorporates
multiple abiotic and biotic factors, it may not account for all potential environmental vari-
ables that influence microbial communities, including anthropogenic disturbances, extreme
weather events, or broader climatic changes. While cutting and burning were identified
as effective interventions, this study does not fully address their long-term ecological
tradeoffs, such as potential soil degradation, shifts in microbial functional potential, or
declines in biodiversity. To address these limitations, future research should prioritize
long-term field experiments and monitoring programs to evaluate the prolonged effects
of management practices on soil microbial dynamics. Additionally, employing advanced
molecular techniques, such as metagenomics, stable isotope probing, and transcriptomics,
would help elucidate the intricate relationships between soil microbes, nutrient cycling,
and plant-soil feedback mechanisms. By integrating these approaches, future studies
can enhance our understanding of sustainable land management in arid environments,
ensuring that interventions optimize soil health while minimizing ecological risks.

5. Conclusions

Our study demonstrates that long-term artificial disturbances—including cutting in
spring, cutting in fall, burning in spring, and flood water irrigation—significantly shape soil
microbial communities in desert ecosystems. Actinomycetota and Pseudomonadota emerged
as the dominant bacterial groups, while Ascomycota was the most abundant fungal group
across all treatments. Notably, the control group exhibited the highest fungal alpha di-
versity (Chao1, Observed Features, Pielou’s Evenness, Shannon, and Simpson indices),
whereas floodwater irrigation resulted in the highest Dominance index, indicating shifts
in microbial community structure. Our findings underscore the pivotal role of soil or-
ganic carbon (SOC) in influencing both bacterial and fungal communities. Additionally,
cellobiohydrolase (CBH) was identified as a key factor shaping bacterial communities,
while β-glucosidase (BG) played a crucial role in determining fungal community variations.
These results provide valuable insights into the sustainable management of desert ecosys-
tems, emphasizing the importance of responsible interventions. We advocate for carefully
regulated cutting and burning practices, as these methods promote plant regeneration
and microbial-driven organic matter decomposition, thereby enriching desert soils with
essential nutrients. This research highlights the need for evidence-based management
strategies to maintain soil health and microbial diversity, ensuring the long-term resilience
and productivity of desert ecosystems.
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Abbreviations

The following abbreviations are used in this manuscript:

CK Control group
CS Cutting in spring
CF Cutting in fall
BS Burning in spring
FI Flood water irrigation
SMC Soil moisture content
EC Electrical conductivity
SOC Soil organic carbon
TN Total nitrogen
TP Total phosphorus
TK Total potassium
AN Available nitrogen
AP Available phosphorus
AK Available potassium
MBC Microbial biomass carbon
MBN Microbial biomass nitrogen
MBP Microbial biomass phosphorus
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Abstract: The cultivation of Panax notoginseng (Sanqi) within the Pinus armandii forest
understory has been widely promoted in Yunnan, China. However, relatively little is
known about how Sanqi cultivation influences microbial metabolic limitations and their
driving factors in P. armandii ecosystems in terms of soil extracellular enzyme activity (EEA)
and stoichiometry (EES). In this study, we established monoculture P. armandii (MPA) and
Sanqi–P. armandii agroforestry (SPA) systems to investigate microbial resource limitations
in P. armandii soils over 12 months (semi-monthly sampling). Sanqi cultivation decreased
EEAs in P. armandii soils in the SPA system. Moreover, the vector length in both the bulk
and rhizosphere soils of P. armandii decreased significantly from 1.31 to 1.12 and 1.29 to
1.21, respectively, indicating a decrease in the microbial C limitation of P. armandii soils. A
vector angle < 45◦ in both systems revealed that N, rather than P, predominantly restricted
microbial metabolism. The most influential factors affecting vector length and angle were
Sanqi cultivation and seasonal dynamics. Structural equation modelling (SEM) revealed
that fungi-to-bacteria ratios and soil chemical properties were direct factors positively
affecting vector length. Overall, our findings suggest that Sanqi cultivation benefited soil
microorganisms in P. armandii soils and should be encouraged to supply N to promote the
sustainable development of P. armandii.

Keywords: Pinus armandii; Sanqi cultivation; enzymatic stoichiometry; fungi-to-bacteria
ratios; metabolism; microbial limitation

1. Introduction

Soil extracellular enzymes secreted by microbes catalyse the decomposition of soil
organic matter (SOM), releasing energy and mineral nutrients for plant and microorganis-
mal growth [1]. This process signifies an equilibrium between nutrient and energy supply
and demand [2], with extracellular enzyme activity (EEA) serving as a robust indica-
tor of microbial metabolic activity and soil quality [3]. C-acquiring enzymes, including
xylosidase (XYL), β-1,4 glucosidase (BG), α-glucosidase (AG), and cellulosic disaccha-
ride hydrolase (CBH), break down complex carbohydrates into simpler sugar molecules,
thereby enhancing the uptake and utilisation of carbon by plants. Leucine aminopeptidase
(LAP) and β-1,4-N-acetylaminoglucosidase (NAG) primarily degrade proteins and polysac-
charides, providing a nitrogen source for microorganisms by releasing amino acids and
N-acetylglucosamine. Acid phosphatase (AP) is chiefly involved in the phosphorus cycle,
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catalysing the hydrolysis of organic phosphoric acid compounds to release phosphorus [4].
Thus, the ratios of soil hydrolytic enzyme activities can serve as quantitative indicators
of microbial resource allocation to carbon, nitrogen, and phosphorus acquisition, as well
as soil organic carbon stability [5]. Soil ecoenzymatic stoichiometry (EES) reflects the
restriction of soil microbial energy and nutrient resources compared with soil extracellular
enzyme chemometrics on a global scale (C:N:P = 1:1:1) [6] or vector length and angle
values [7–9]. Numerous factors, including introducing plants [10], seasonal dynamics [11],
and soil compartments [12] modulate biological and abiotic factors, thereby affecting soil
EEA and EES. Therefore, understanding the relationships among environmental (abiotic)
factors, biological factors, EEA, and EES is pivotal for elucidating the investment priority
of resource acquisition [13], and providing a theoretical basis for production practice [14],
plant growth [15], productivity [16], soil characteristics [17], and responses to climate
change in terrestrial ecosystems.

Sustainable development land, agroforestry systems that organically combine agri-
cultural plants (introduced) with forestry plants (in situ), have a strong influence on soil
EEAs [18–20]. Previous studies have demonstrated that plant species introductions ei-
ther have positive, negative, or no effects on EEA related to C, N, and P in plants in situ.
For example, after introducing plants, the soil EEA of in situ plants such as kiwifruit
(kiwifruit/alfalfa) (Actinidia chinensis/Medicago sativa L.) [21], apple (Malus pumila Mill.)
(apple/corn) [22], hickory (hickory/peony or kula clover) (Carya cathayensis Sarg./Paeonia
L. or Trifolium L.) [23,24], and peach (peach/morel) (Amygdalus persica Linn./Morchella
esculenta L.) [25] increased significantly, but the degree of EEA increase involved in C, N,
and P was inconsistent. In contrast, C-, N-, and P-acquiring enzyme activities in alfalfa
(alfalfa/poplar) (Medicago sativa L./Populus tomentosa Carr.), coffee (Coffea arabica Linn.)
(coffee/thorn), and pear (pear/konjac) (Pyrus L./Amorphophallus konjac K. Koch) soils
were significantly reduced or unchanged by the introduced plants [20,26,27]. In addition,
changes in enzyme activities related to C, N, and P vary (increases, decreases, or no changes)
in soils with different plants [28–30]. This variability can be attributed to differences in
the soil extracellular enzyme species [31], introduced and in situ plant species [24], and
environmental factors [20]. In summary, a deep understanding of how introduced plants
cause changes in the soil EEA of in situ plants is crucial for evaluating the sustainable
development of agroforestry systems.

Seasonal variations (e.g., temperature and precipitation) significantly influence biotic
and abiotic factors [32–35], which further lead to alterations in soil EEA and EES [36,37].
Seasonal changes can alter soil microbial biomass and the quality and quantity of soil
input by plants, thereby affecting EEA and EES. For example, EEAs are usually higher in
summer than in other seasons because of the higher microbial biomass [11,34,36]. Moreover,
changes in the quality and quantity of soil input by plants (e.g., lignin-to-nitrogen ratio)
affect microbial nutrient utilisation efficiency, leading to changes in EEA and EES [2,13]. In
addition, seasonal variations in temperature and rainfall cause variations in edaphic factors,
microbial growth, and available soil nutrients, which can directly or indirectly affect EEA
and EES [35,37–39]. Although distinguishing the individual effects of seasonal dynamics,
plants, and the soil environment on EEA is challenging, a deeper understanding of the
relationship between EEA/EES and biological/abiotic factors under different seasonal
conditions [4,35] is beneficial for elucidating microbial responses to climate change [40].

Different soil compartments (rhizosphere and bulk) significantly affect soil EEAs and
EES [12,41], and rhizosphere rather than bulk soils, had higher soil enzyme activities [12,42].
On the one hand, rhizosphere soil exhibits higher microbial activity and more frequent
nutrient flow [12]. In contrast, soil physicochemical properties are influenced by plant
root growth, further altering the rhizosphere soil microbial activity [8]. Furthermore, root-
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derived carbon compounds [43], mainly derived from root secretions, stimulate microbial
activity, leading to higher rhizosphere soil enzyme activities [41]. Plant root biomass
also increases rhizosphere soil enzyme activities (proteins and gibberellins) to address N
limitations [44]. As a physiological hub of the arable crops in agroforestry systems, the
rhizosphere significantly affects soil microorganisms, root exudates, soil physicochemical
properties, and plant root biomass [41,44,45]. Nevertheless, the relationship between the
trees and arable crops in agroforestry systems is more intricate [18], with nutrient com-
petition among different plants [46], the mutual transmission of soil microorganisms [47],
and the diffusion of root exudates [48] significantly impacting EEA. Therefore, an in-depth
analysis of the changes in EEA/EES in different soil compartments can reveal the nu-
trient requirements, acquisition strategies, and metabolic models of microbes in various
soils [8,10,12], providing a basis for establishing a rational agroforestry system.

The long-term monoculture management of pine forests can trigger ecological issues
such as soil degradation, biodiversity loss, and environmental disturbance [49,50]. Con-
versely, the SPA system, as sustainable land-use management [47], has been widely adopted
in the Yunnan province, covering approximately 666.67 ha [51]. Sanqi is a rare herbal
medicine, which belongs to the family Araliaceae [52,53]. Simulative habitat cultivation
involves simulating the original habitat and site environments of Chinese medicinal plants
to preserve their quality [54]. The simulative cultivation of organic Sanqi in P. armandii
forests has been shown to improve Sanqi quality, prevent obstacles to continuous cropping,
and increase the economic benefits for producers [51–53]. However, attention should be
given not only to Sanqi but also to pine trees in the SPA system. This is because pine forests
have been deficient in carbon, and the organically managed Sanqi with no application of
pesticides and fertilisers potentially affects the carbon demand in the SPA agroforestry
system [51]. Reducing microbial carbon restriction can enhance soil organic carbon accu-
mulation [35], bolster ecosystem stability and resilience, improve soil fertility and structure,
mitigate climate change [13], and foster the sustainable development of agricultural sys-
tems. Consequently, investigating the impact of Sanqi cultivation on microbial carbon
restriction in pine forests holds not only practical application value for local regions but
also offers theoretical significance and practical guidance for other agroforestry ecosystems
globally. By illustrating how to optimize ecosystem functions through plant–microbial
interactions, it presents innovative concepts for the design and sustainable advancement of
agroforestry ecosystems on a worldwide scale.

Previous studies have primarily focused on the planting methods [51], quality
analysis [55], and pest control [51] of Sanqi. However, less attention has been paid to the
effects of Sanqi planting on Pinus soil quality, particularly on the soil EEA. Therefore, we
designed monoculture P. armandii (MPA) and Sanqi–P. armandii agroforestry (SPA) systems
to compare and analyse the changes in EEA (CBH, AG, XYL, BG, NAG, LAP, and AP)
and EES in P. armandii soils. Furthermore, we assessed the interactive effects of season,
plant introduction, and soil compartments on EEA and EES in P. armandii soils. We also
conducted a one-year multi-frequency (twice per month) sampling to accurately analyse the
nutrient limitations of soil microorganisms in different P. armandii systems. We tested the
following hypotheses: (1) Sanqi planting significantly reduces the ecoenzymatic C:N and
C:P and vector length and alleviates the C limitations of microbial resources in P. armandii
soils; and (2) plant introduction, seasons, and soil compartments (rhizosphere/bulk) exert
differential effects on EEA and EES in P. armandii soils.

101



Forests 2025, 16, 158

2. Materials and Methods

2.1. Study Area

The base of Sanqi cultivation is mainly located in Xundian Hui and Yi autonomous
county, Kunming city, Yunnan province (103.25◦ E, 25.55◦ N, 2247.78 m a.s.l.), with an
average annual temperature of 14.7 ◦C and precipitation of 1624.0 mm. This region expe-
riences a subtropical plateau monsoon climate with distinct dry (November–April) and
rainy seasons (May–October). The forest soil was mountainous red soil, and the vegetation
was dominated by P. armandii, with an average diameter at a breast height of 18 cm and an
average tree height of 9.5 m.

2.2. Experimental Design and Sampling

The MPA and SPA systems were established under similar conditions, including
vegetation, soil types, aspects, and angles. The planting of Sanqi involved several steps.
First, weeds and shrubs in the forest understory were removed and P. armandii branches
were trimmed up to a height of ~3 m. Second, the soils (0–20 cm) were ploughed deeply
2–3 times using a small rotary tiller. Moreover, a soil bed was set up along the contour line
of the P. armandii forest (10–20 m, 1–1.5 m, and 0.3–0.4 m in length, width, and height), and
a drainage outlet was left between two adjacent plots (1.5–2.0 m). Subsequently, 1 year
old Sanqi seedlings were transplanted into the soil bed with intra- and inter-row spacings
of 10 and 15 cm, respectively, and covered with P. armandii needles (3–5 cm). In addition,
a circular arched rain shelter was built to prevent water accumulation during the rainy
season, drip pipes were installed for irrigation, and no pesticides, fertilisers, or artificial
rodent control measures were applied (Figure 1).

 

Figure 1. Monoculture P. armandii (MPA) and Sanqi–P. armandii agroforestry (SPA) systems.

Six plots of 10 m × 10 m were randomly set up in both the MPA and SPA system.
Sanqi was planted in January 2020, but due to the influence of COVID-19, 288 soil samples
were collected from 10 September 2020 to 20 August 2021, including two soil compartments
(rhizosphere and bulk) × 2 systems × 12 months × 2 times/month × 3 replicates. Semi-
monthly sampling was applied to accurately analyse the seasonal dynamic of EEA and
EES. The soil sampling method used the 5-point method, in which three soil samples were
collected at each point and mixed as a composite sample. Soils attached to the root surface
at a thickness of 0–2 mm and 20 cm away from the P. armandii tree (depth of 0–20 cm)
were considered as the rhizosphere and bulk soil, respectively. Soil samples were stored
in self-sealing bags and returned to the laboratory in liquid nitrogen. After removing
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litter and impurities from the soil sample, the soil was sieved through a 4 mm sieve. The
processed soil samples were separated into two subsamples and stored at 4 ◦C and −80 ◦C
for subsequent analyses of soil EEA, edaphic factors, and microbes, respectively.

2.3. Analysis of Edaphic Factors and Soil EEA

Fresh soils underwent oven-drying at 100 ◦C for 24 h to determine the water content
(WC) by measuring the weight variation. A pH meter was used to determine the soil
pH (soil/water = 1:5). After the soils were treated (H2SO4 digestion and KCl extraction),
the total nitrogen (TN), total phosphorus (TP), nitrate nitrogen (NO3

−−N), and ammo-
nium nitrogen (NH4

+−N) were determined using a flow analyser (SEAL Analytical AA3,
Mequon, WI, USA). Soil organic carbon (SOC) was measured using the K2Cr2O7 oxidation
method. The total potassium (TK) was measured using atomic emission spectrometry and
an AA-6300C flame photometer (Shimadzu Corporation, Kyoto, Japan).

Four C-acquiring enzymes (xylosidase, XYL; β-1,4 glucosidase, BG; α-glucosidase,
AG; cellulosic disaccharide hydrolase, CBH), two N-acquiring enzymes (leucine aminopep-
tidase, LAP; β-1,4-N-acetylaminoglucosidase, NAG), and one P-acquiring enzyme (acid
phosphatase, AP) were assayed using fluorometric protocols. Briefly, 4-methylumbelliferone
(MUB) and 7-amino-4-methylcoumarin (MUC) solutions with varying concentrations (0, 2.5,
5, 10, 25, 50, and 100 μM, 150 μL of each concentration) were prepared and added to enzyme-
labelled plates. A standard curve was generated after incubating the standard solutions in
the dark at 25 ◦C for 3 h. Furthermore, 1 g of fresh soil was mixed with 125 mL of acetate
buffer (50 mM, pH 5.0) in a 250 mL conical flask and stirred thoroughly with a magnetic
stirrer. Subsequently, 150 μL of the suspension was pipetted to a black polystyrene 96-well
microtiter plate, to which an enzyme–substrate solution (50 μL) was added. After incu-
bation, the catalytic reaction was terminated by adding 10 μL of NaOH solution (1 M,
termination solution) to each well. Finally, fluorescence intensity was determined using
a microplate reader (Tecan Infinite M200, Salzburg, Austria) at excitation and emission
wavelengths of 365 and 450 nm, respectively. Eight replicates were analysed from each
soil sample.

2.4. DNA Extraction and Quantitative Polymerase Chain Reaction (qPCR) Assays

Total DNA was extracted from soil samples (0.5 g) according to the instructions of
the Qiagen DNeasy PowerSoil Kit (MP Biomedicals, Solon, CA, USA), and DNA quality
and concentration were assessed using agarose gel electrophoresis and a NanoDrop2000
(Thermo Fisher Scientific, Waltham, MA, USA). Absolute quantification of bacterial and
fungal genes was carried out on a LightCycler 480 II system (Roche, Basel, Switzerland),
with the amplification primers (338F/806R and ITS1F/ITS2R) shown in Table S1 [47,51].
The PCR reaction system totalled 20 μL and consisted of 1 μL of DNA, 0.5 μL of forward
and reverse primers, 10 μL of TB Green Premix Ex Taq (TaKaRa, Kyoto, Japan), and 8 μL
of ddH2O. Standard curves were generated after PCR reaction using a tenfold gradient
dilution of plasmid DNA concentration (104.1 ng/μL for bacteria and 130.6 ng/μL for
fungi). The amplification efficiencies and slopes for bacterial and fungal genes were
93.43%/95.30% (R2 > 0.991) and −3.49/−3.44, respectively. All samples were analysed in
triplicate for qPCR.

2.5. Determination of Soil EEA

Ln (CBH+BG+XYL+AG):Ln (NAG+LAP), Ln (CBH+BG+XYL+AG):Ln (AP), and Ln
(NAG+LAP):Ln (AP) denote the ecoenzymatic C:N, C:P, and N:P ratios, respectively. More-
over, the vector length and angle of the soil EEA quantify nutrient limitations for soil
microorganisms in ecosystems [44]. Specifically, the vector length signifies the carbon limita-
tion of microbial metabolism, with a longer length indicating stronger carbon limitation [56].
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The vector angle represents the nitrogen or phosphorus limitation of microbial metabolism,
with a vector angle greater or less than 45◦ indicating significant P and N limitations,
respectively. The vector length and angle were calculated as follows:

Vector length (unitless) = SQRT(x2 + y2) (1)

Vector angle (degrees) = Degrees [Atan2(x,y)] (2)

where x denotes the EES related to C, N (Ln (CBH + BG + XYL + AG):Ln (AP)), y denotes
the EES related to P (Ln (CBH + BG + XYL + AG):Ln (NAG + LAP)), and Atan2 denotes
the four-quadrant inverse tangent (tan-1 (y/x)), which serves as the reference angle for the
positive x-axis of all plots.

2.6. Statistical Analysis

One- and two-way ANOVA, correlation analysis and principal effects analysis were
performed using SPSS 25.0. Each ANOVA used LSD and Duncan for multiple post-hoc
testing. Graphing and redundancy analyses (RDA) were performed using GraphPad
Prism 10 and Canoco 5, respectively. In addition, structural equation modelling (SEM)
analysis was carried out using IBM SPSS Amos v28.0.0 to determine the direct and indirect
impacts of edaphic factors, fungal gene abundance, bacterial gene abundance, and fungi-to-
bacteria (F:B) ratios on microbial metabolic restriction. Each structural model for the overall
goodness of fit analysis was assessed using the chi-square (χ2) test, distribution, degrees of
freedom (df), p-values, approximate root mean square error (RMSEA), and goodness of fit
index (GFI).

3. Results

3.1. Soil Physicochemical Properties

Sanqi cultivation dramatically affected various P. armandii soil properties. Specifically,
fungal gene abundance and SOC, TN, TP, and TK, and soil C:P and N:P values decreased
significantly (ANOVA, p < 0.05) in both the rhizosphere and bulk soils of P. armandii.
Conversely, the NO3

−−N contents, pH, WC, and soil C:N increased, whereas bacterial gene
abundance, ST, and F:B content did not show significant differences. In the monoculture
P. armandii system, rhizosphere soils had a higher SOC, whereas they had a lower NH4

+−N
content and WC compared to bulk soil. In the Sanqi–P. armandii agroforestry system, the
SOC, NH4

+−N, NO3−N, and TN contents and soil C:N and C:P ratios in rhizospheric soil
were higher than those in bulk soil, whereas the WC and pH values in rhizospheric soil
were lower than those in bulk soil (Table S2 and Figure S1).

3.2. Soil EEA in the MPA and SPA Systems

The planting of Sanqi caused a decrease in EEA (NAG, BG, CBH, AP, XYL, and AG)
in P. armandii soil in the SPA system compared to the MPA system, while LAP activity
remained unchanged. Moreover, except for the highest LAP activity that was observed
in autumn, all EEAs were higher in spring and summer than in autumn and winter. In
addition, there was no difference in extracellular enzyme activity between P. armandii soils
in the MPA and SPA systems for either the rhizosphere or bulk soils (Figures 2 and S2).

3.3. Variation in EES and EEA in the MPA and SPA Systems

Compared to the monoculture P. armandii system, the ecoenzymatic C:N and C:P
ratios decreased significantly in the Sanqi–P. armandii system, whereas the ecoenzymatic
N:P ratio remained unchanged. Moreover, the ecoenzymatic C:N ratio was consistently
lower in autumn across all treatments than in the other seasons, whereas the enzymatic C:P
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ratio varied seasonally. The eco-enzymatic N:P ratio was lowest in summer and highest in
autumn. In addition, the cultivation of Sanqi resulted in a significant decrease in the C:N
and C:P ratios in the bulk soils rather than in the rhizosphere soils of P. armandii, whereas
the N:P ratio increased dramatically in the bulk soil of P. armandii (Figure 3). Notably, all
treatments exhibited C:N and C:P ratios of less than one, whereas the N:P ratios were
greater than one (Figure 3). The C:N:P ratios of rhizospheric and bulk soils in the MPA
system were 1:1.10:1.06 and 1:1.11:1.09, respectively, whereas those in the SPA system
were 1:1.30:1.24 and 1:1.17:1.17, respectively (Table S3). Compared to the monoculture P.
armandii system, the vector length decreased in the Sanqi–P. armandii system, whereas the
vector angle remained unchanged, and both the vector length and angle were lowest in
autumn. Moreover, there were no differences between the vector lengths and angles of the
rhizosphere and bulk soils in the MPA system, whereas planting in Sanqi led to a significant
decrease in the vector lengths and angles of the rhizosphere and bulk soils in autumn
(Figure 3). These results indicate that the planting of Sanqi can alleviate carbon limitation,
with the strongest effect observed in autumn. In the different systems, P was significantly
restricted in summer, whereas N was significantly restricted in spring, autumn, and winter,
with the strongest restriction observed in autumn (Table S4).

 

Figure 2. Seasonal dynamics of soil EEAs under different P. armandii systems. PB and PR: the bulk and
rhizosphere soils of P. armandii in the MPA system; Pn-PB and Pn-PR: the bulk and rhizosphere soils of
P. armandii in the SPA system. Different upper- and lower-case letters denote significant differences at
p < 0.05. (A–G) the activity of leucine aminopeptidase (LAP), β-1,4-N-acetylaminoglucosidase (NAG),
β-1,4 glucosidase (BG), xylosidase (XYL), cellulosic disaccharide hydrolase (CBH), α-glucosidase
(AG), acid phosphatase (AP) under different seasons, respectively. (H) the activity of seven extracel-
lular enzyme under different treatments.
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Figure 3. Seasonal dynamics of enzymatic ratios and vector length/angle in the P. armandii soils under
the MPA and SPA systems. Different upper- and lower-case letters denote significant differences at
p < 0.05. (A) extracellular enzyme C (XYL+BG+AG+CBH)/N (LAP+NAG). (B) extracellular enzyme
C (XYL+BG+AG+CBH)/P (AP). (C) extracellular enzyme N (LAP+NAG)/P (AP). (D,E) vector length
and vector angle of extracellular enzyme under different seasons. (F) eco-enzymatic stoichiometry
under different treatments.

3.4. Influence of Environmental Factors on EEA and EES

Correlation analysis revealed significant positive correlations between SOC, TN, TP,
TK, and fungal abundance and the activities of seven soil EEAs, as well as enzymatic C:N
and C:P ratios. Moreover, NO3

−−N, and ST exhibited significant negative and positive
correlations with the economic N:P ratio, respectively. In addition, vector length displayed
a notable positive correlation with SOC, TN, TK, and fungal gene abundance but a negative
correlation with NO3

−−N, WC, and pH. Vector angle exhibited a dramatically positive
correlation with ST and a negative correlation with NH4

+−N and TK (Table S5).
The RDA results show that the factors influencing soil EEA and EES varied among the

different P. armandii systems. ST, TK, pH, WC, and soil C:P ratio were the most significant
factors in the MPA system, whereas NO3

−−N, ST, F:B, NH4
+−N, and soil C:P were the

most crucial factors in the agroforestry system (Figure 4, Table S6).

3.5. The Main Effect Analysis of EES

The main effect analysis evaluated the effects of plant introduction (planting), seasons,
and soil compartments (rhizosphere and bulk) on soil EES (Figure 5, Table S7). We found
that plant introduction, seasons, and soil compartments were important factors affecting
soil EES, vector length, and vector angle. However, the degree of influence of these factors
on EES was inconsistent. Notably, the season emerged as the strongest factor affecting
C:N and N:P ratios (η2 = 0.296, p < 0.001; η2 = 0.35, p < 0.001, respectively), while plant
introduction exerted the greatest impact on C:P ratio (η2 = 0.275, p < 0.001). In addition,
the factors affecting the vector length ranked in the following order: plant introduction
(η2 = 0.248, p < 0.001) > season (η2 = 0.218, p < 0.001) > soil compartment (η2 = 0.017,
p < 0.05). Those affecting the vector angle ranked in the following order: season (η2 = 0.343,
p < 0.001) > soil compartment (η2 = 0.027, p < 0.01) > plant introduction (η2 = 0.001, p > 0.05)
(Figure 5).
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Figure 4. Redundancy analysis for the relationship between soil EEAs/EES and edaphic factors
under the MPA (A) and SPA (B) systems.

Figure 5. Main effect analysis of soil EES (A–C), vector length (D), and angle (E). P, PP, and S
represent soil compartments factors, planting factors, and seasonal factors, respectively. PB and PR:
P. armandii bulk or rhizosphere soils, respectively; PPY and PPN: P. armandii soils with or without
Sanqi cultivation, respectively. “*”, “**”, and “***” indicate statistically significant differences at the
p < 0.05, p < 0.01, and p < 0.001 levels, respectively, and “ns” denotes no statistical difference.

3.6. Structural Equation Modelling (SEM) Analysis in the MPA and SPA Systems

SEM explained the direct and indirect effects of the soil microenvironment, soil chemi-
cal properties, fungal and bacterial gene abundance, and F:B ratios on vector length and
angle (Figure 6; Table S8). In both the monoculture P. armandii and Sanqi–P. armandii
systems, F:B ratios and soil chemical properties as direct factors positively affected vector
length, whereas bacterial and fungal abundances served as indirect factors that significantly
affected vector length. Moreover, vector length, and soil microenvironment as direct factors
had positive and negative effects on the vector angle, respectively. In addition, the chemical
properties of SPA, rather than the MPA system, displayed a negative effect on the vector
angle as a direct factor.
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Figure 6. Analysis of the SEM paths under the MPA (A) and SPA (B) systems. The colour and width
of the arrows denote the negative (blue) and positive (red) relationships and the coefficient strength,
respectively. *, **, and *** indicate p < 0.05, 0.01, and 0.001 levels, respectively.

4. Discussion

The effects of introduced plant species in agroforestry systems on the activities
of extracellular enzymes involved in C, N, and P in plant soils in situ have been
inconsistent [20,21,27]. In the Sanqi–P. armandii agroforestry system, the cultivation of
Sanqi resulted in a decrease in the EEA related to C, N, and P in P. armandii soils. Our
findings diverged from those observed in the kiwi/alfalfa and apple/corn agroforestry
systems [21,22] yet aligned with the outcomes in the alfalfa/poplar and coffee/bramble
systems [20,26]. Additionally, the C:N and C:P ratios decreased, whereas the N:P ratio
increased in bulk soils compared to rhizosphere soils. Furthermore, the EES (C:N, C:P, N:P,
and C:N:P) in both the rhizosphere and bulk soils did not deviate from global scale EES
benchmarks (C:N = 1.41; C:P = 0.62; N:P = 0.44; C:N:P = 1:1:1) [57]. In addition, vector
lengths were significantly reduced in the SPA system, indicating that planting Sanqi could
alleviate C limitation in P. armandii soils. This evidence supports our first hypothesis.
Notably, the vector angles across the different systems were all less than 45◦, suggesting
an overall N limitation. Previous studies have demonstrated that a reduction in C limita-
tion could potentially exacerbate N or P limitation in various terrestrial systems [13,58],
owing to variations in climate and land-use conversion types, although this was not ob-
served in our study. However, in agroforestry systems, plant introduction [10], seasonal
changes [11], and soil compartments [12] can alter both biotic and abiotic factors such as soil
microbes [25,58,59] and soil physicochemical properties [10,20,24,54], thereby influencing
EEA and EES. These factors support our second hypothesis and significantly affect the C
limitations in P. armandii soils within agroforestry systems.

Introducing plants has been identified as a significant factor influencing the EES [60],
largely because of their ability to alter soil physicochemical properties [10,20,54] and soil
microbial community structures [60]. In our study, Sanqi planting significantly reduced
vector length rather than vector angle, implying a reduction in C limitation rather than
constraints related to N and P. Correlation analyses showed that SOC, TN, TK, and fungal
abundance were positively correlated with EEA vector length, all of which were signifi-
cantly lower in the P. armandii soils of the SPA system. Therefore, we posit that introducing
Sanqi-induced alterations in soil physicochemical properties and microbial structure serves
as the primary driver mitigating C limitation in P. armandii soils.

Previous studies have consistently demonstrated positive correlations among SOC,
TN, TK, and EEA/EES [10,11], which is consistent with our findings. The reduction in
SOC, TN, and TK levels in soils could be attributed to nutrient competition between Sanqi
and P. armandii, thereby diminishing C restrictions. However, soil tillage during Sanqi
cultivation can influence soil physicochemical properties, reducing soil EES and vector
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length [61,62], which may be the main reason for the alleviation of C restriction in the SPA
system. Furthermore, pine soil in both the MP and SPA systems is limited by N (vector angle
less than 45◦), although the cultivation of Sanqi can marginally alleviate this N limitation
in the SPA system (with no significant difference). On one hand, Sanqi has a substantial
nitrogen requirement and competes with pine trees for this nutrient [63], thereby reducing
the soil’s nitrogen content. The application of organic fertiliser during Sanqi cultivation
can partially mitigate nitrogen deficiency, which explains the slight reduction in nitrogen
limitation in the SPA system’s pine soil. On the other hand, subtropical pine forests are
inherently nitrogen-limited (Luo et al., 2020), and the organic management of Sanqi without
pesticides and fertilisers [64] can intensify the nitrogen demand within the SPA system.
The decline in nitrogen typically elevates the C/N ratio and accelerates organic matter
decomposition, while carbon decomposition proceeds more slowly, potentially leading
to rapid nitrogen depletion in the soil [65]. Our findings also indicate that pine soils in
both the MP and SPA systems are not restricted by P (vector angle less than 45◦), likely
due to Sanqi’s relatively low P demand and the high background P content in pine forest
soil, which suffices for both Sanqi and pine requirements. Consequently, we recommend
increasing the input of organic fertiliser during Sanqi cultivation to mitigate microbial
N restriction. In addition, fungal diversity is more susceptible to the influence of EES
than bacterial diversity [59]. Introducing Sanqi alters the fungal community structure in
P. armandii soil significantly, potentially transmitting certain fungi to pine-associated soil
microorganisms [47]. There is a positive correlation between fungal abundance and vector
length. Thus, we conclude that the reduction in SOC and N content in P. armandii soils
following Sanqi cultivation affects the EES and further decreases fungal abundance. In
addition, fungi can assist plants in acquiring soil nitrogen, while nitrogen serves as the
primary factor influencing the assembly of fungal communities in both pine and Sanqi
soils [47]. Consequently, the decline in soil nitrogen levels directly contributes to the
reduction in fungal abundance.

Seasonal variations are pivotal in shaping soil enzyme dynamics, as acknowledged in
biogeochemical models [15,35]. The soil EEA in both P. armandii systems was significantly
higher in spring/summer than in autumn/winter, which is inconsistent with other research
results indicating that EEA peaks during summer in Quercus, wetland, and Betula platy-
phylla soil [36,66,67]. Seasonal variations can influence abiotic factors, such as temperature
and moisture, leading to differences in soil enzyme acquisition activities [32–35,37]. In
particular, the soil water content demonstrated a significant negative correlation with
EEA, likely because of the distinct alternation of drought and rainy seasons in subtropical
forests, resulting in alternating changes in soil moisture. Concurrently, alterations in the
quality and quantity of plant inputs to the soil affect the nutrient utilisation efficiency of
microorganisms, consequently modulating EEA and EES [2,13]. Therefore, the absence of a
well-defined growing season in subtropical forests, which results in increased plant inputs,
has emerged as a primary factor influencing soil enzyme activity.

P. armandii soils in the SPA system experienced a significant reduction in C limitation
(indicated by decreases in C:N and C:P ratios and vector length) and an increase in N
limitation (evidenced by decreases in the C:N ratio, increases in the N:P ratio, and decreases
in vector angle) during autumn, which was inconsistent with previous studies [34,37,67].
This discrepancy can be attributed to seasonal shifts in the biological factors affecting EEA
and EES [2,11,13,34,36]. Correlation analyses revealed a positive association between vector
length and fungal abundance, suggesting that reduced fungal abundance in P. armandii
soils during autumn, possibly due to Sanqi planting, plays a crucial role in alleviating
carbon restriction. Moreover, soil water content was negatively correlated with vector
length, whereas temperature was positively correlated with vector angle. Soil water can

109



Forests 2025, 16, 158

modulate soil extracellular enzyme activities by changing substrate diffusion rates (mainly
C) and inhibitor levels [68], as well as the relative utilisation rates of different nutrient
elements [69]. Furthermore, the soil temperature exerts substantial control over enzymatic
activity, thereby affecting both EEA and EES [2,35,36,70]. Therefore, the observed alleviation
of carbon limitations in autumn may be attributed to heavy rainfall and adequate water
replenishment during Sanqi planting. In contrast, higher temperatures exacerbated N-
limitation during this season. In addition, a strong interrelationship exists among the
EEA related to C, N, and P in the soil; that is, restrictions on one element can affect the
acquisition of another [13,71,72]. Therefore, the reduction in C limitation in autumn may
exacerbate N limitation.

Compared to seasonal variations and plant introduction, the impact of the soil com-
partments on C:N, N:P, vector angle, and vector length was relatively minor (Figure 5).
Rhizosphere soil exhibits higher soil enzyme activity [12,42], which is consistent with
our findings. Moreover, compared to the rhizosphere soil, the bulk soil of P. armandii in
agroforestry systems showed significant decreases in C:N, C:P, and vector length compared
to the MPA system, indicating that the planting of Sanqi effectively reduced C limitation in
bulk P. armandii soil. Our observations are consistent with those of a previous study, which
noted a smaller C limit in Pinus sylvestris rhizosphere soil than in bulk soil [12]. In addition,
the interplay of nutrient competition among different plants [46], the mutual transfer of soil
microorganisms [47], and the diffusion of root exudates [48] could complicate the plant–
soil–plant relationship in agroforestry systems [18], significantly affecting both rhizosphere
and non-rhizosphere soils.

5. Conclusions

Our hypotheses regarding the effect of Sanqi planting on EEA in P. armandii soil in
an agroforestry system were confirmed. The planting of Sanqi decreased the EEAs in
P. armandii soil in the agroforestry system. However, the C:N:P ratios (1:1.30:1.24 and
1:1.17:1.17) did not significantly deviate from the global mean EES (1:1:1). After Sanqi
cultivation, both the bulk and rhizosphere soils of P. armandii exhibited a significant decrease
in vector length, indicating a reduction in microbial metabolic C limitations. Moreover, the
vector angle <45◦ in P. armandii soils under both systems revealed that microbial metabolism
was primarily restricted by N rather than P. Furthermore, the strongest factors affecting the
vector length and vector angle were plant introduction (η2 = 0.248, p < 0.001) and season
(η2 = 0.343, p < 0.001), respectively. Structural equation modelling (SEM) indicated that F:B
(fungi/bacteria) ratios and soil chemical properties as direct factors positively influenced
vector length. Therefore, we recommend increasing the application of organic fertiliser
in the management of Sanqi cultivation to alleviate the microbial N limitations, thereby
promoting the sustainable development of the SPA system. Concurrently, the introduction
of plants into an agroforestry system significantly influences microbial nutrition limitations;
thus, it is essential to ensure the judicious selection and integration of plants to maintain
the optimal design of the agroforestry system. As a next step, we will employ multi-
omics techniques to analyse the microbiome, thereby confirming the sustainability of the
agroforestry system.
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Abstract: Rational application of N fertilizer is essential for maintaining the long-term productivity
of Moso bamboo forests. Microbial activity is a crucial indicator of soil quality. Changes in soil
nutrient resources due to N addition can lead to microbial nutrient limitations, thereby impeding
the maintenance of soil quality. Currently, there is limited research on the effects of N application
on microbial nutrient limitations in Moso bamboo forest soils. To examine the changes in extra-
cellular enzyme activity and microbial nutrient limitations in Moso bamboo forest soils following
N application, we conducted an N application experiment in northern Guizhou. The findings re-
vealed that the N3 treatment (726 kg·N·hm−2·yr−1) significantly reduced β-glucosidase (BG) activity
by 27.61% compared to the control group (no fertilization). The N1 (242 kg·N·hm−2·yr−1), N2
(484 kg·N·hm−2·yr−1), and N3 treatments notably increased the activities of leucine aminopeptidase
(LAP) and N-acetyl-β-D-glucosidase (NAG) by 11.45% to 15.79%. Acid phosphatase (ACP) activity
remained unaffected by fertilization. N application treatments significantly decreased the C:Ne and
C:Pe ratios, while the N:Pe ratio was less influenced by N fertilizer application. Scatter plots and
vector characteristics of enzyme activity stoichiometry suggested that microorganisms in the study
area were limited by C and N, and N fertilizer application reduced the vector length and increased
the vector angle, indicating that N application alleviated the C and N limitation of microorganisms
in Moso bamboo forests. Redundancy Analysis (RDA) demonstrated that microbial biomass phos-
phorus (MBP) was the most critical factor affecting extracellular enzyme activity and stoichiometry.
Furthermore, Random Forest Regression analysis identified MBP and the N:Pm ratio as the most
significant factors influencing microbial C and N limitation, respectively. The study demonstrated
that N application modulates the microbial nutrient acquisition strategy by altering soil nutrient
resources in Moso bamboo forests. Formulating fertilizer application strategies based on microbial
nutrient requirements is more beneficial for maintaining soil quality and sustainably managing Moso
bamboo forests. Additionally, our study offers a theoretical reference for understanding carbon
cycling in bamboo forest ecosystems in the context of substantial N inputs.

Keywords: enzyme activity stoichiometry; nitrogen application; metabolic limitation; enzyme activity
vector characterization

1. Introduction

China boasts a rich history of bamboo cultivation and utilization, positioning it among
nations with the most abundant bamboo resources globally [1]. Bamboo has many ap-
plications in food, furniture, papermaking, and biomass energy, and the C sequestration
potential of bamboo forest ecosystems is considerable [2]. According to the latest data, the
area of Moso bamboo forests in China is 527.76 ha as of 2021, accounting for 69.78% of the
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total area of bamboo forests, with a carbon stock of 23.1 billion tons, accounting for 2.3% of
the country’s total carbon stock in forest vegetation [3,4]. Moso bamboo (Phyllostachys edulis
(Carrière) J. Houz)—the most prevalent species in China—is distinguished by its rapid
growth rate and robust regeneration capability [5,6]. N is the element with the highest
demand and uptake during the growth and development of Moso bamboo [7,8]. The
application of N fertilizer guarantees high yields of Moso bamboo, and rationally applied
will not adversely influence soil quality [9]. In bamboo forest management, operators apply
large amounts of N fertilizers to increase yield. However, this substantial N input can lead
to soil organic carbon loss and soil acidification, potentially resulting in decreased microbial
activity [10–12]. Microbial activity serves as a crucial indicator for assessing soil quality,
as microorganisms contribute to the decomposition of soil organic matter by secreting
extracellular enzymes [13,14]. This process not only supports their own metabolic needs
but also generates additional nutrients that are readily accessible for plant growth [15].
Consequently, investigating the response of soil microbial communities to N application in
Moso bamboo forests is an insightful endeavor.

N application may change the content and relative concentration of soil nutrient el-
ements. N application significantly reduced soil organic carbon (SOC)and total N (TN)
contents, had no significant effect on the total phosphorus (TP) content, but increased
the soil C:P ratio [16]. N application can lead to changes in soil nutrient resources. Such
changes may lead to an imbalance between soil resources and microbial nutrient require-
ments, resulting in microbial nutrient limitations [17]. Microorganisms regulate the balance
between their own nutrient requirements and soil nutrients by secreting extracellular en-
zymes, and enzyme activity stoichiometry is considered to be an effective indicator of
microbial nutrient limitations [18–20]. Enzymes such as β-1,4-glucosidase (BG), β-1,4-
N-acetylglucosaminidase (NAG), leucine aminopeptidase (LAP), and acid phosphatase
(ACP)—which are vital components of the C, N, and P cycles—have been extensively
employed in investigations into the stoichiometry of extracellular enzyme activities [21–24].
Sinsabaugh et al. reported that the ecological enzyme stoichiometry of soils and sediments
in geoecosystems is approximately 1:1:1 [25]. However, Luo et al. observed differences
in enzyme C:N:P ratios in peatlands on the Ruoergai Plateau compared to the expected
1:1:1 ratio, with ratios closer to soil C:N:P ratios, indicating phosphorus (P) limitation in the
soils of this region [26]. Moorhead et al. suggested using carrier properties of soil enzyme
activities to characterize energy and nutrient limitations of soil microorganisms, and a large
number of studies have been conducted to demonstrate that vector characteristics can be
used to reflect the nutrient limitation of microorganisms [27–30]. Zhang et al. employed
extracellular enzyme activity stoichiometry and vector features to characterize the nutrient
limitations of soil microorganisms in Moso bamboo forests under varying management
intensities [31]. The results indicated that intensive management (fertilization with N, P,
and K) decreased BG, NAG, and ACP activity and alleviated the C, N limitation of soil
microorganisms in Moso bamboo forests. Zeng et al., in studying the stoichiometry of
enzyme activities in Moso bamboo forest soils after N application, also found that NAG
activity decreased and ACP activity increased and that N application exacerbated the C
and P limitation of Moso bamboo forest microorganisms [32]. These findings suggest that
soil enzyme activities and enzyme stoichiometric characteristics can be used to characterize
the nutrient acquisition strategies of soil microorganisms under N addition conditions.

Moso bamboo, with its extensive distribution in southern China, may exhibit varying
soil microbial nutrient limitations across different regions. Despite this, there is a dearth
of research investigating the impact of fertilization, particularly N fertilization, on the
microbial nutrient limitation of Moso bamboo forest soils. In this study, we conducted a
fertilization experiment (0, 242, 484, 726 kg·N·hm−2·yr−1) in a pure Moso bamboo forest in
northern Guizhou, China. We measured soil nutrients, microbial biomass, and extracel-
lular enzyme activities post-fertilization. The enzyme activity stoichiometry and vector
characterization were used to identify microbial nutrient limitations. Our objectives were
twofold: firstly, to examine the changes in extracellular enzyme activities and microbial
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nutrient limitations in Moso bamboo forest soils following large-scale N fertilizer appli-
cation, and secondly, to identify the key environmental factors influencing extracellular
enzyme activities, enzyme activity stoichiometry, and vectorial characterization of Moso
bamboo forest soils after such fertilization. To accomplish our objectives, we formulated
the following hypotheses: (1) N application will modify extracellular enzyme activities and
stoichiometry; (2) soil microorganisms in Moso bamboo forests within the study area are
limited by C and N, and N application will either exacerbate or alleviate this nutrient limi-
tation without altering the limiting nutrient elements; (3) the primary factors contributing
to microbial nutrient limitation are alterations in both the biomass and stoichiometry of
microorganisms.

2. Materials and Methods

2.1. Study Site

The research site was situated in the Hu Shi Forest Farm (28◦23′~105◦54′), Chishui City,
Guizhou Province, China. This region is characterized by its medium to low mountains
and is subject to a subtropical humid monsoon climate. The annual average temperature is
18.1 ◦C, with an average precipitation of 1195.7 mm. The forest farm was inaugurated in
1999 and encompasses 330 ha of pure Moso bamboo forest. Notably, there are no pests or
diseases within the forest area, exhibiting a distinct size–year relationship. The average
diameter at breast height for Moso bamboo is 9.86 cm, with an average height of 12.07 m
and a density of 3866 plants/ha. The understory vegetation primarily comprises Rubus
buergeri Miq, Tetrastigma hemsleyanum Diels et Gilg, Curculigo capitulata (Lour.) Kuntze,
Nothapodytes pittosporoides (Oliv.) Sleum, and Machilus nanmu (Oliv.) Hemsl. According to
the classification from the Chinese Soil Database, the soil in the study area is categorized as
purple–yellow sandy loam. The average total carbon content, organic carbon content, and
pH value (measured in distilled water) in the 0–30 cm soil layer are 19.8 g/kg, 16.94 g/kg,
and 4.75, respectively [12]. The geographical location of the study area is shown in Figure 1.

Figure 1. Location of the study area. Red star indicates the geographical location of the study area
and red areas indicate fertilized sample plots.

The stand structure and site conditions were consistently applied, with a plot selected
consisting of a pest-free pure bamboo forest. The N fertilizer level in this investigation was
ascertained based on the research team’s prior studies concerning Moso bamboo nutrient
utilization and optimal scientific fertilization quantities [33]. Four distinct fertilization treat-
ments were established in the experiment. Each plot received a consistent amount of phos-
phorus and potassium fertilizer as a base, while varying concentrations of N fertilizer were
applied: N0 (0 kg·N·hm−2·yr−1), N1 (242 kg·N·hm−2·yr−1), N2 (484 kg·N·hm−2·yr−1),
and N3 (726 kg·N·hm−2·yr−1). A no-fertilization treatment served as the control (CK). The
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experiment employed a randomized block design, with each plot measuring 15 m × 15 m.
Each treatment was replicated three times, resulting in a total of 12 plots. A 5 m isolation
zone was established between adjacent plots.

The N application experiment was executed in early October 2021 during the pre-
shooting stage. The fertilizer used for this experiment comprised urea (46% N), superphos-
phate (178 kg/ha; 12% P2O5) as the base phosphorus fertilizer, and potassium chloride
(147 kg/ha; 60% K2O) as the potassium fertilizer. Based on the required proportions of
fertilizers for different treatments, the prepared mixtures were dissolved in 50 L of distilled
water and then applied through spraying.

2.2. Soil Sample Collection

Soil sampling was carried out in October 2022, utilizing the “S”-shaped sampling
method to establish ten distinct points within each plot. Soil samples were collected
from a depth of 0 to 10 cm using a soil corer with an inner diameter of 38 mm. Prior to
collection, the litter layer at the sampling point was meticulously removed. The soil core
was preserved in a portable thermal box and promptly transported to the laboratory for
processing. From each plot, ten cores of soil were gathered. The cores from the same
plot were then amalgamated to yield fifteen mixed soil samples, after which stones, roots,
and other impurities were meticulously extracted. The soil mixture was divided using
the quadrat method, and the excess soil was discarded. A portion of the fresh soil was
passed through a 2 mm sieve to analyze the biomass of C, N, and P (MBC, MBN, MBP)
and extracellular enzyme activity determination. Additionally, one portion of the soil
underwent air-drying, grinding, and sieving to determine soil pH, soil organic carbon
(SOC), total nitrogen (TN), total phosphorous (TP), and available phosphorous (AP).

2.2.1. Soil Chemical Properties

SOC and TN were determined by an elemental analyzer (elementar vario El cube,
Langenselbold, Germany) [34]. TP was determined by the NaOH alkali fusion molyb-
denum antimony colorimetric method [35]. AP content was extracted with sodium fluo-
ride hydrochloric acid and then determined by the molybdenum antimony colorimetric
method [35]. The air-dried soil samples were saturated with distilled water and the soil pH
was measured using a glass electrode method (ST2100, Ohaus, Parsippany, NJ, USA). The
stoichiometric ratios of soil nutrients C:N, C:P, and N:P were calculated using values of
SOC, TN, and TP and were expressed as C:Ns, C:Ps, and N:Ps, respectively.

2.2.2. Microbial Biomass

The MBC and MBN were determined by chloroform fumigation, and the C and N
content of the extracts were measured with C and N analyzer (TOC-LCSH/CPH, Shimadzu,
Beijing, China) [36]. The MBP was determined through the chloroform fumigation extrac-
tion method, with the P content in the extract being evaluated using the molybdenum
antimony colorimetric method [36]. In brief, fresh soil was subjected to fumigation with
ethanol-free chloroform at a temperature of 25 ◦C in darkness for a duration of 24 h. An
equivalent volume of fresh soil, which had not undergone fumigation, was also utilized.
Extracts from both fumigated and non-fumigated soils, prepared using 0.5 M K2SO4, were
employed for MBC and MBN determinations. Meanwhile, extracts from both fumigated
and non-fumigated soils, prepared using 0.5 mol/L NaHCO3, were used for MBP determi-
nation. The stoichiometric C:N, C:P, and N:P ratios of microbial biomass were expressed as
C:Nm, C:Pm, and N:Pm, respectively.

2.2.3. Soil Extracellular Enzyme Activity

The activity of enzymes β-1,4-glucosidase (BG), β-1,4-N-acetylglucosaminidase (NAG),
leucine aminopeptidase (LAP), and acid phosphatase (ACP) was determined by enzyme-
linked immunosorbent assay (ELISA) employing a double antibody one-step sandwich
technique. Using BG as an example, 1 g of fresh soil was extracted with 9 milliliters of
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phosphate buffer (pH = 9.8), thoroughly mixed, centrifuged at 2500 revolutions per minute
for 25 min at 4 degrees Celsius, and the supernatant was collected. The optical density
(OD) value of each sample was measured using an enzyme marker to ascertain the sample
activity. The methodology for determining soil enzyme activity was based on the protocol
described by Xia et al. [37,38].

2.2.4. Enzyme Activity Stoichiometry

The stoichiometric characterization of the extracellular enzyme activities C:N, C:P, and
N:P are denoted as C:Ne, C:Pe, and N:Pe, respectively. These ratios were calculated using
the following equations [25]:

C : Ne = ln (BG)/ ln (LAP + NAG) (1)

C : Pe = ln (BG)/ ln (ACP) (2)

N : Pe = ln (LAP + NAG)/l (ACP) (3)

2.2.5. Enzyme Activity Vector Characterization

Moorhead et al. proposed using extracellular enzyme activity vector features to
characterize soil microbial growth limited by nutrients. Vector length (VL) is used to
characterize soil microbial growth limited by C, while vector angle (VA) can be used to
characterize soil microbial growth limited by N or P [30]. The equations for calculating
these vector characterizations are as follows:

VL =

√
(ln (BG)/ ln (LAP + NAG))2 + (ln (BG)/ ln (ACP))2 (4)

VA = Degrees[ATAN2(ln (BG)/ ln (ACP), ln (LAP + NAG)/ ln (ACP)] (5)

The magnitude of the vector length serves as an indicator of the degree to which
soil microbial growth is limited by C. Larger vector lengths denote a higher degree of C
limitation, whereas smaller lengths indicate a lesser degree of C limitation. Using 45◦ as a
reference, a vector angle exceeding 45◦ signifies that soil microbial growth is limited by P.
Conversely, a vector angle below 45◦ indicates N limitation. The degree of limitation by
either N or P increases as the vector angle deviates further from 45◦ and decreases as it
approaches 45◦.

2.3. Data Analysis

Variations in soil properties, extracellular enzyme activity, enzyme activity stoichiome-
try, and vector characteristics across different N application treatments were assessed using
one-way analysis of variance (ANOVA). Post hoc comparisons were conducted using the
Duncan test with a significance level set at p < 0.05. Relationships among soil properties,
extracellular enzyme activity, enzyme activity stoichiometry, and vector characteristics
were determined through Pearson’s correlation analysis. Redundancy Analysis (RDA)
was performed with soil extracellular enzyme activity and stoichiometry as response vari-
ables and soil properties as explanatory variables to identify the primary environmental
factors influencing these enzyme activities and stoichiometries. Random Forest Regres-
sion Analysis was employed to discern the principal environmental determinants of soil
microbial carbon limitation and nitrogen/phosphorus limitation. Data management was
executed in Excel 2021 (Microsoft Corp., Redmond, WA, USA), one-way ANOVA in SPSS
27.0 (SPSS, Chicago, IL, USA), Pearson’s correlation analysis in RStudio (version 3.4.2; R
Foundation for Statistical Computing, Vienna, Austria) utilizing the “corrplot” package,
RDA in Canoco5 (Canoco, Ithaca, NY, USA), and Random Forest Regression Analysis in
RStudio (version 3.4.2) using the “rfPermute” package. All graphs presented in this study
were generated in RStudio with the “ggplot2” package.

119



Forests 2024, 15, 1040

3. Results

3.1. Changes in Soil Properties

Table 1 shows that, compared to the control, the N0 treatment significantly increased
TP content to 0.67 g/kg and reduced the C:Ps and N:Ps ratios by 32.99% and 32.24%,
respectively. However, the N0 treatment did not significantly impact other soil properties
(p > 0.05). The N1, N2, and N3 treatments all significantly increased TP content, ranging
from 64.1% to 89.74%. Additionally, the N3 treatment significantly increased AP content to
14.34 g/kg. N fertilizer treatment decreased MBC and MBN contents. Specifically, the N1,
N2, and N3 treatments significantly reduced MBC content, while the N1 and N2 treatments
significantly decreased MBN content (p < 0.05). The response of MBP to fertilization is
correlated with N fertilizer dosage. The N1 treatment significantly reduced MBP content
to 2.64 mg/kg, while the N2 and N3 treatments significantly increased MBP content to
4.41 mg/kg and 6.04 mg/kg, respectively (p < 0.05).

Compared to the no N fertilizer treatment (N0), both N1 and N2 treatments sig-
nificantly decreased SOC content by 29.17% and 24.7%, respectively (p < 0.05). The N1
treatment notably reduced AP content to 5.81 mg/kg, whereas the N3 treatment signifi-
cantly increased AP content to 14.34 mg/kg (p < 0.05). N2 and N3 treatments significantly
diminished MBC content by 60.96% and 19.88%, respectively. The intergroup differences
revealed that variations in MBN content, MBP content, soil nutrient stoichiometry (C:Ns,
C:Ps, and N:Ps), and microbial biomass stoichiometry (C:Nm, C:Pm, and N:Pm) between
the N fertilizer treatment and the N0 treatment were consistent with those observed be-
tween the N fertilizer treatment and the control. This suggests that the alterations in these
soil properties are primarily attributable to the addition of N fertilizer.
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3.2. Changes in Extracellular Enzyme Activity and Stoichiometry

Figure 2A,B shows that, compared to the control, the N0 treatment had no significant
effect on BG activity (p > 0.05) but significantly increased LAP + NAG activity by 6.11%
(p < 0.05). Compared to N0 and CK, the N3 treatment significantly reduced BG activity
to 217.72 U/L. In comparison to the control, the N1, N2, and N3 treatments significantly
increased LAP + NAG activity, with increases ranging from 11.45% to 15.79%. Compared
to the no-nitrogen treatment (N0), the application of N fertilizer increased LAP + NAG
activity to varying degrees. Specifically, the N1 and N3 treatments significantly increased
LAP + NAG activity by 6.5% and 9.12%, respectively. There were no significant differences
in ACP activity among the treatments (p > 0.05) (Figure 2C).

Figure 2. Characteristics of changes in soil extracellular enzyme activities (A–C) and enzyme activ-
ity stoichiometry (D–F) under different fertilization treatments. BG: β-Glucosidase; LAP: leucine
aminopeptidase; NAG: N-Acetyl-β-D-glucosidase; ACP: Acid phosphatases; C:Ne: lnBG/ln(LAP
+ NAG); C:Pe: lnBG/lnACP; N:Pe: ln(LAP + NAG)/lnACP. Lowercase letters indicate significant
(p < 0.05) differences between the different fertilization treatments. Values are means ± standard
error (n = 3).

Figure 2D,E shows that fertilization reduced the C:Ne and C:Pe ratios to varying
degrees. Compared to the control, the N0 treatment significantly reduced the C:Ne and
C:Pe ratios by 3.27% and 3.5%, respectively. Among the different fertilization treatments,
the C:Ne ratio in the N3 treatment was significantly lower than that in the N0, N1, and
N2 treatments, with reductions ranging from 5.51% to 6.35%. There were no significant
differences in the C:Pe ratio among the different fertilization treatments (p > 0.05). Figure 2F
shows that there was no significant difference in the N:Pe ratio between the N0 treatment
and the control. However, the N1 treatment significantly increased the N:Pe ratio compared
to the control and other fertilization treatments, with increases ranging from 3.33% to 4.58%.
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3.3. Changes in Microbial Nutrient Limitation

A scatter plot with the ratio of (LAP + NAG)/AP on the x-axis and the ratio of
BG/ACP on the y-axis can be used to represent the nutrient limitation of microbial growth.
The enzymatic stoichiometry scatter plot (Figure 3A) indicates that soil microbial growth
in Moso bamboo forests is limited by both carbon and N under different treatments.
Figure 3B,C depicts the characteristics of changes in vector length and angle under different
treatments. Fertilization significantly reduced the vector length (VL), with decreases
ranging from 3.53% to 8.3%. Among the different fertilization treatments, N input reduced
the vector length to varying degrees, with the N3 treatment showing a significantly lower
vector length compared to the N0 treatment. The vector angles under different treatments
were all below 45◦, with no significant difference between the N0 treatment and the control
(p > 0.05). Among the different fertilization treatments, N input increased the vector angle
to varying extents. The vector angles of extracellular enzyme activity in the N1 and N3
treatments were significantly higher than those in the N0 treatment (p < 0.05), with increases
of 4.94% and 2.58%, respectively. Figure 3D illustrates the correlation between vector length
and angle under different treatments, showing a significant negative correlation between
these two parameters.

Figure 3. Chemical stoichiometric characterization of enzyme activity under different fertilization
treatments (A), variation characteristics of vector length and vector angle (B,C), and correlation
between vector length and vector angle (D) in soil microbial nutrient limitation. Lowercase letters
indicate significant (p < 0.05) differences between the different fertilization treatments. Note: Values
are means ± standard error (n = 3).

123



Forests 2024, 15, 1040

3.4. Environmental Factors Affecting Extracellular Enzyme Activity and Microbial
Nutrient Limitation

Figure 4 illustrates the correlations between soil properties, extracellular enzyme
activities, enzyme stoichiometry, and vector characteristics. BG shows a significant negative
correlation with AP and MBP, while ACP shows a significant positive correlation with
AP and MBP. (LAP + NAG) is significantly positively correlated with TP but significantly
negatively correlated with N:Ps, MBC, and C:Nm. C:Ne exhibits a significant negative
correlation with MBP. C:Pe is significantly positively correlated with C:Ps, N:Ps, C:Pm, and
N:Pm but significantly negatively correlated with TP and MBP. N:Pe shows a significant
negative correlation with SOC, MBC, and N:Pm. Vector length is significantly positively
correlated with C:Ps, N:Ps, C:Nm, and N:Pm but significantly negatively correlated with
TP, AP, and MBP. Vector angle is significantly positively correlated with TP but significantly
negatively correlated with C:Ps, N:Ps, MBC, MBN, C:Nm, C:Pm, and N:Pm.

Figure 4. Correlation between extracellular enzyme activities, enzyme activity stoichiometry, and
vector characteristics and soil properties under different fertilization treatments. * indicates p < 0.05,
** indicates p < 0.01, *** indicates p < 0.001.

RDA analysis was conducted with extracellular enzyme activity and stoichiometry as
response variables and soil properties as explanatory variables to identify key environmen-
tal factors influencing enzyme activity and stoichiometry. Figure 5A shows that the first
and second axes explain 93.7% and 1.61% of the variation in extracellular enzyme activity
and stoichiometry under different treatments, respectively, accounting for a total of 95.31%.
Figure 5B indicates that MBP, C:Nm, and TP have explanatory rates of 66.7%, 10.7%, and
10.1%, respectively, all reaching significant levels, making them the key environmental
factors affecting enzyme activity and stoichiometry under different treatments. Random
forest regression analysis was used to explore key environmental factors affecting vector
length and vector angle. Soil property variations explain 75.95% and 65.68% of the changes
in vector length and vector angle, respectively, with MBP and N:Pm identified as the most
critical factors influencing vector length and vector angle (Figure 5C,D).

124



Forests 2024, 15, 1040

Figure 5. RDA analysis between extracellular enzyme activities and stoichiometry and soil properties
under different fertilization treatments (A), environmental factor explanatory rate (B), random forest
regression analysis between vector length and soil properties (C), and random forest regression
analysis between vector angle and soil properties (D). In Figure 5A, the blue arrows represent
response variables, and the red arrows represent explanatory variables. ** indicates p < 0.01 and
* indicates p < 0.05.

4. Discussion

4.1. Extracellular Enzyme Activity and Stoichiometry in Response to N Application

Extracellular enzyme activity is related to microbial growth and metabolism. Mi-
croorganisms can adjust extracellular enzyme activity to adapt to changes in soil nutrient
stoichiometry induced by N application [39]. In this study, there was no significant dif-
ference in BG activity between the N0 treatment and the control, while the N3 treatment
significantly reduced BG activity (Figure 2A). This indicates that changes in BG activity are
primarily influenced by N fertilizer concentration. Some meta-analyses have shown that
N fertilization increases BG activity, and these changes in BG activity are closely related
to microbial biomass [40,41]. As the dosage increases, the inhibitory effect of N fertilizer
on BG activity becomes more pronounced. Chen et al.’s study on Larix mastersiana forests
also observed this phenomenon (application of NH4NO3, 10 g m−2 a−1), where high con-
centrations of N fertilizer significantly suppressed microbial activity, thereby affecting BG
activity [42]. The inhibition of BG activity by N application may be related to changes in
bacterial community structure [43,44]. Correlation analysis reveals a significant negative
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correlation between the decrease in BG activity and alterations in AP and MBP content
(Figure 4). This suggests that the reduction in BG activity is associated with changes in
soil nutrients and microbial biomass. The N0 treatment resulted in an increase in the
activity of (LAP + NAG), indicating that the application of P and K fertilizers influences
the acquisition of soil microbial N. This, in turn, promotes the activity of N acquisition
enzymes [45,46]. Among the various fertilization treatments, an increase in LAP + NAG
activity was observed with a rise in N fertilizer concentration (Figure 2B). This suggests that
N fertilizer significantly enhances LAP + NAG activity, a finding that aligns with previous
studies [47–49]. Conversely, we also found that N application had no significant effect on
ACP activity, whereas Tu et al. found that N application (application of NH4NO3) increased
ACP activity in hybrid bamboo (Bambusa pervariabilis McClure × Bambusa grandis (Q. H.
Dai & X. L. Tao) Ohrnb ) stands [50]. When there is a change in soil nutrient stoichiometry,
microorganisms adjust their strategy of producing extracellular enzymes to obtain more of
the missing nutrients to alleviate the deficient nutrient limitations [47,51,52].

The stoichiometry of extracellular enzyme activity can serve as an indicator of the
dynamic equilibrium between nutrient availability [53,54]. In a meta-analysis conducted
by Sinsabaugh, it was discovered that the stoichiometry of C, N, and P acquisition enzyme
activities at a global scale, as represented by ln(BG):ln(LAP + NAG):ln(ACP) ratios, was
approximately 1:1:1 [25]. Peng et al. found this pattern in tropical ecosystems [55]. However,
this ratio may fluctuate depending on the ecosystem type and regional environmental
conditions [26,56]. In this context, the ratios of C:Ne, C:Pe, and N:Pe were all greater than 1.
Consequently, the ratio of lnBG:ln(LAP + NAG): lnACP also diverged from the expected
1:1:1 ratio. This observation indicates that fertilization, especially N application, induced
changes in soil resource availability within our study area, prompting microbes to adapt
their production strategies for C, N, and P-acquiring enzymes [57,58].

4.2. Effects of Soil Microbial Nutrient Limitation in Fertilized Moso Bamboo Forests

We employed enzyme activity stoichiometric scatter plots and enzyme activity vector
features to jointly characterize the nutrient limitations of soil microbial growth in Moso
bamboo forests under various treatments [59]. The findings revealed that the growth of
soil microorganisms in these forests was primarily constrained by C and N. The vector
angle results (Figure 3C) indicated that the vector angle remained below 45◦ across all
treatments, suggesting that N limitation influenced the soil microorganisms of the Moso
bamboo forests [22,60]. Scatter plots of enzyme activity stoichiometry further demonstrated
(Figure 3A) that C and N limited the growth of soil microorganisms in Moso bamboo forests
under all treatments. Additionally, we observed that the application of N fertilizer reduced
the vector length and increased the vector angle, implying that N fertilization could mitigate
the C and N limitations faced by soil microorganisms in the study area. Sinsabaugh et al.
reported global mean values of C:Ne and N:Pe ratios at 0.62 and 0.44, respectively [17]. Our
study’s C:Ne and N:Pe ratios were higher than these global averages, indicating enhanced
activities of BG and LAP + NAG. In accordance with the “resource allocation theory” and
the “optimal allocation principle”, nutrient addition alters soil enzyme activities, prompting
microorganisms to secrete extracellular enzymes to address resource scarcities, thereby
alleviating their own nutrient limitations [61,62]. Therefore, higher activities of BG and
LAP + NAG indicate a greater microbial demand for C and N.

Zeng et al. employed enzyme stoichiometric vector characterization to examine soil
microbial nutrient limitation subsequent to N application (specifically NH4NO3 application)
in Moso bamboo forests located in Fujian, China. Their findings revealed that both C and
P limitations were experienced by microbes in Moso bamboo forests, with the limitations
exacerbated by the application of N [32]. Zhang et al. found that soil microorganisms in
intensively managed (N, P, and K fertilization) bamboo forests in Zhejiang, China, and in
control (non-managed) bamboo forests were both C and N limited [31]. A comparison of
the above studies reveals that nutrient addition did not change the soil microbial nutrient
limitation pattern compared to the control but rather exacerbated or reduced the limitation
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of a nutrient element on the basis of the control. Regarding bamboo growing regions, the
nutrient limitations affecting soil microorganisms in Moso bamboo forests differ across
areas. These variations can primarily be attributed to disparities in soil and climatic
conditions between these regions. Jing et al. suggested that soil microbial nutrient limitation
may be the result of the long-term acclimatization to soil nutrient environments and climates
and that short-term effects of nutrient additions on soil stoichiometry may have a microbial
nutrient limitation to a lesser extent, a view that could provide a plausible explanation for
our findings [63]. Our study found the nutrient limitation status of soil microorganisms in
Moso bamboo forests and their response to N application in northern Guizhou. Our results
have some limitations in extrapolation due to soil and climatic conditions but provide some
theoretical references for the study of microbial nutrient limitation in Moso bamboo forests
in different regions.

Random forest regression analysis was used to explore the key environmental factors
influencing microbial nutrient limitation. The results showed that MBP is the most critical
factor affecting microbial carbon limitation, while N:Ps, AP, C:Ps, N:Pm, TP, and C:Pm also
play significant roles in regulating carbon limitation. N:Pm is identified as the most crucial
factor influencing microbial N limitation, with C:Pm and C:Ps also playing important
roles. This indicates that changes in soil nutrient stoichiometry and microbial biomass
stoichiometry caused by fertilization, especially N fertilization, are the main reasons for
alleviating microbial carbon and N limitation.

Ecological stoichiometry theory posits that microbial metabolism necessitates the
preservation of a balanced C, N, and P stoichiometry within an organism [64,65]. Dis-
ruptions in this stoichiometric equilibrium between microbes and their soil environment
can prompt microbial responses [66,67]. These responses may include adjustments to the
efficiency of elemental utilization of C, N, and P, alterations in the secretion of extracellular
enzymes, or modifications in their elemental composition through shifts in community
structure [68,69]. Changes in microbial biomass stoichiometry can serve as indicators of
changes in microbial nutrient acquisition strategies when there is an imbalance between
soil nutrient resources and the microbes’ own nutrient requirements [70,71].

4.3. Shortcomings of the Study and Future Prospects

Our findings illustrate the impact of N input on nutrient limitations for soil microbes
in Moso bamboo forests. However, these results were obtained with the addition of
phosphorus (P) and potassium (K) fertilizers. Although the no-nitrogen treatment showed
minimal differences in soil properties compared to the control, the input of P and K might
obscure the effects of N on microbial activity and extracellular enzyme secretion. This
makes it challenging to precisely investigate the impact of N fertilization on microbial
nutrient limitations in Moso bamboo forest soils.

In routine practices, N fertilizer is typically applied alongside P and K fertilizers.
Therefore, precisely exploring the effects of fertilization on microbial activity is crucial for
understanding soil carbon turnover and maintaining soil quality. Further research is needed
to investigate the mechanisms by which different nutrient elements, either independently
or in combination, influence soil microbial metabolism.

5. Conclusions

The results indicate that N fertilization decreased BG activity, increased LAP + NAG
activity, and had no significant effect on ACP activity. It also reduced enzyme stoichiometry
(C:Ne, C:Pe, and N:Pe). In terms of microbial nutrient limitation, microbial growth was
constrained by both carbon and N, and the addition of N alleviated these nutrient limita-
tions. Changes in soil properties induced by fertilization were the drivers of variations in
extracellular enzyme activity, enzyme stoichiometry, and vector characteristics. MBP was
identified as the most critical driving factor affecting extracellular enzyme activity, enzyme
stoichiometry, and microbial carbon limitation, while N:Pm was the most crucial factor
influencing microbial N limitation. Nutrient addition, especially N fertilization, altered
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the nutrient acquisition strategies of soil microbes in Moso bamboo forests. This may
change the microbial decomposition process of organic carbon, affecting the sequestration
of organic carbon and the maintenance of soil quality in these forests. Our study contributes
to understanding the nutrient requirements of microbes in bamboo forest ecosystems, pro-
viding a theoretical basis for the efficient use of N fertilizer and sustainable management of
Moso bamboo forests. It also offers theoretical insights into the microbial mechanisms of
carbon cycling in bamboo forest ecosystems under conditions of high N input.
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Abstract: Forest management practices such as clearcutting, thinning, and prescribed
burning are widely implemented to achieve various ecological and silvicultural objectives,
yet their effects on soil carbon dynamics and belowground processes remain uncertain. We
conducted a global meta-analysis of 414 observations from 110 studies to quantify the im-
pacts of these practices on total soil respiration (SR), its autotrophic (Ra) and heterotrophic
(Rh) components, and associated biophysical and soil variables. Clearcutting and pre-
scribed burning both reduced SR by an average of 11%, driven largely by Ra declines
following reductions in live biomass, forest floor inputs, and microbial biomass. Thinning
caused no significant change in SR, likely due to the limited belowground disturbance and
residual vegetation compensatory growth, although impacts intensified when combined
with post-treatments (e.g., residue removal or site-preparation burns), resembling those of
clearcutting or repeated burns. In contrast, post-burn treatments following clearcutting did
not substantially alter biological factors or SR components. Across practices, soil tempera-
ture increased due to the opening of the canopy, middle- and understory vegetation, and
forest floor disturbance, but this warming showed no consistent relationship with Rh or
SR. Instead, responses were primarily governed by substrate availability, highlighting its
central role in soil carbon fluxes under management disturbances.

Keywords: forest management; clearcut; thinning; prescribed fire; soil respiration;
autotrophic respiration; heterotrophic respiration; soil carbon dynamics

1. Introduction

Forests cover approximately 30% of the Earth’s land surface and store nearly 40%
of terrestrial carbon [1,2], making them a critical component of the global carbon sink.
Globally, ~7% of forests are managed plantations [3], and ~74% comprise secondary forests
recovering from past disturbances [4]. Recent analyses have documented an increasing
trend in soil heterotrophic respiration [5] and a concurrent decline in global forest carbon
sink capacity [6,7], raising concerns about the resilience of forest carbon storage. Forest
management practices are often designed to enhance tree growth, health, risk mitigation,
or habitat quality [8], but they also represent disturbances that affect soil carbon fluxes and
dynamics [9,10]. Quantifying their effects is therefore essential for improving predictions
of terrestrial carbon feedback under global change [11].

Forest management activities, such as harvesting and prescribed burning, can alter
key structural and environmental drivers of forest carbon cycling, such as light availability,
microclimate, and the substrates and nutrients supply [10,12]. In response, trees may
shift carbon allocation strategies to balance growth, maintenance, and stress tolerance, for
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example, by modifying biomass investment between above- and belowground compo-
nents [13]. Changes in detrital input and rhizosphere substrates can constrain microbial
activity, whereas shifts in microclimates, such as soil warming, may stimulate microbial
decomposition and root growth [14]. Physical soil disturbance can also expose previously
protected organic matter, thus accelerating mineralization [15]. These interacting factors
contribute to the high variability in soil carbon responses across forest types, sites, and
management regimes.

Recent meta-analyses have assessed the impact of disturbances on soil respiration
in global forest ecosystems [16], and under specific management disturbances, such as
forest fires [17–19], thinning [20–22], and harvesting [23]. These studies suggest that soil
respiration (SR) tends to increase under light harvesting, driven by fine root biomass growth
and increased soil nutrients, while both autotrophic (Ra) and heterotrophic (Rh) respiration
generally decline with greater harvest intensity, like clearcutting, because of substantial
loss in detritus inputs. In contrast, different studies have arrived at contrasting conclusions
about the effect of fires on both Ra and Rh [17,18]. Fire effects can also depend on burn
intensity, with prescribed burns typically being low-intensity compared to wildfires. As
a result, syntheses focused on prescribed fire often reflect conditions that are not directly
comparable to high-intensity fires.

Despite these advances, several information gaps remain. With accruing data, it
is increasingly possible to resolve “harvesting” effects to those caused by thinning and
clearcutting, and “fire” effects to prescribed burns and wildfires. At the same time, man-
agement practices are often applied in sequence or combination, such as clearcutting or
thinning, followed by site-preparation burning [24–26], herbicide application [27], fertil-
ization [28], or the use of repeated prescribed burning for fuel reduction [29]. However,
the limited availability of such datasets has not allowed a thorough assessment of the
modifying effects of these secondary treatments, and their long-term consequences for
belowground carbon cycling remain poorly resolved [8,30]. Building on previous meta-
analyses that primarily examined single management practices, this study will review their
combined impacts on soil respiration components and associated soil and biophysical vari-
ables. A better quantitative understanding of these interactions will help balance climate
mitigation, economic, and soil health considerations in land management decisions [11,31].

In this meta-analysis, we synthesized peer-reviewed studies on three major forest
management practices—clearcutting, thinning, and prescribed burning—to quantify their
effects on SR components (Ra and Rh) and associated biophysical and soil environmental
variables. The objectives of this study were to (1) assess the effects of major forest man-
agement practices (clearcutting, thinning, and prescribed burn) on SR, its components,
and soil carbon stocks, and (2) explore how soil carbon dynamics respond to variation
in management strategies, climate, forest types, and recovery stages. We hypothesized
that (i) clearcutting would substantially reduce Ra by increasing root mortality and lim-
iting photosynthate supply from aboveground biomass and would concurrently reduce
Rh by limiting both the photosynthate supply and the inputs of aboveground detritus;
(ii) prescribed burning would reduce Ra through damage to fine root biomass and con-
currently reduce Rh due to the subsequent decrease in root exudates, though the over-
all reduction would be smaller than with clearcutting; (iii) thinning effect would be
minimal on Ra and Rh; and (iv) sequence or combined management effects would am-
plify the effects on Ra and Rh, resulting in greater cumulative impacts than individual
practices alone.
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2. Materials and Methods

2.1. Data Collection and Compilation

Peer-reviewed journal articles published before August 2024 were obtained by search-
ing the ISI Web of Science database, using the search terms “(soil CO2 OR soil carbon
dioxide OR soil carbon efflux OR soil carbon emission OR root respiration OR autotrophic
respiration OR microb* respiration OR belowground respiration OR heterotrophic respi-
ration) AND (harvest* OR thinn* OR log* OR understory OR litter* OR manag* OR clear
cut* OR clearcut* OR burn* OR slash* OR fire) AND (boreal OR temperate OR tropical
OR mediterranean) AND (forest)”. In addition to these search results, publications from
previous meta-analyses on soil respiration [16–18] and the Soil Respiration Database (SRDB)
Version 5 [32] that met the selection criteria were also included.

The retrieved articles were screened based on the following criteria: (1) field-based
studies involving forest management practices; (2) inclusion of at least one soil respira-
tion component (total, autotrophic, or heterotrophic respiration); (3) a study duration of
more than one growing season; and (4) inclusion of both control and treatment groups.
Regarding criterion (1), we excluded incubation studies, as this method does not fully
account for the essential biophysical link between live plants and soil (e.g., photosynthate
supply to rhizosphere), which may yield divergent results from field settings [33]. For
chronosequence studies, the longest undisturbed stand was treated as the control. In total,
414 observations from 110 articles published between 1987 and 2025 met the selection
criteria and were included in the meta-analysis (Figure 1, Table S2). The dataset includes
189 observations for clearcutting, 175 observations for thinning, and 50 observations for
prescribed burning.

Figure 1. The global distribution of studies included in the meta-analysis, with management types
indicated by color.

2.2. Data Extraction

Following the initial screening, relevant data were directly obtained from texts and
tables, or extracted figures using PlotDigitizer (https://plotdigitizer.com/; accessed on
14 July 2025). Specifically, the following variables were extracted: (1) geographical and
climate information, including latitude (◦), longitude (◦), climate zone (tropical, subtrop-
ical, temperate, Mediterranean, or boreal), mean annual temperature (MAT, ◦C), and
mean annual precipitation (MAP, mm); (2) forest stand characteristics, including forest
type (needleleaf, broadleaf, or mixed) and leaf habit (evergreen, deciduous, or mixed);
(3) information on management practices, including the type of management (clearcutting,
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prescribed burn, or thinning), disturbance intensity, the time since application (years),
whether harvest residues were retained, whether any additional practices were applied
(e.g., site-preparation burn, thinning), and whether the practice was repeated; (4) soil respi-
ration components, including total soil respiration (SR), autotrophic respiration (Ra), and
heterotrophic respiration; (5) soil environmental and chemical properties of mineral soils,
including soil temperature (Ts, ◦C), soil moisture (SM), bulk density (BD), pH, soil organic
carbon and nitrogen (SOC and SON), total soil carbon and nitrogen (TC and TN; including
both organic and inorganic), soil C:N ratio (CN), and (6) biological variables, including fine
and coarse root biomass (FRB and CRB), microbial biomass carbon (MBC), stand leaf are
index (LAI), forest floor mass (FF), aboveground litterfall (LF), and aboveground biomass
(ABG). Dissolved organic carbon (DOC) and nitrogen (DON), and microbial biomass nitro-
gen (MBN) were also collected, but given the low number of studies that reported them,
they could not be used in the meta-analysis.

Disturbance intensity and recovery time were categorized to evaluate the effects
of forest management on soil carbon dynamics. Clearcutting intensity included stem-
only harvesting, whole-tree harvesting, and whole-tree harvesting with either soil surface
removal or soil compaction. Thinning intensity was classified as low (<25% tree or <20%
basal area removal), medium (up to 50% trees or 20–35% basal area), and high (>50% trees
or >35% basal area). Prescribed burn intensity was based on understory vegetation and
damages to overstory trees: low (burned understory vegetation with unburned canopy),
medium (partial canopy damage with 20–90% scorched), and high (complete canopy
damage with >90% scorched). Recovery stages were grouped as early (<2 years), medium
(2–5 years), and late (>5 years). The listed groupings were selected as the most common
categories used in the literature.

For studies that reported multiple disturbance levels or site conditions (e.g., variations
in tree density or species composition), each level was treated as a separate observation.
Similarly, for multi-year studies with distinct annual measurement records, each year was
considered as an independent observation. Data were extracted directly from the original
publications whenever possible. When specific variables were unavailable, the data were
sourced from studies conducted at the same location.

The compiled dataset had the greatest representation of studies from temperate forests
(46%), followed by boreal (23%) and Mediterranean forests (17%), especially those located
in Western Europe and North America. The geographic distribution of study sites ranged
from 37.5◦ S to 62.3◦ N (Figure 1), with MAT ranging from −10.0 ◦C to 27.0 ◦C and MAP
ranging from 146 mm to 3500 mm (Table S1). The time since the management disturbance
ranged from 0 to 100 years (Table S1).

2.3. Data Analysis

We quantified the effect of forest management on soil respiration (SR), heterotrophic
respiration (Rh), autotrophic respiration (Ra), and related variables using the natural
logarithm of the response ratio (lnRR) as the effect size. The lnRR was calculated as the
natural log of the ratio of the mean in the treatment group (xt) to that in the control group
(xc), following the formula:

lnRR = ln
(

xt

xc

)
= lnxt − lnxc (1)

Since standard errors or standard deviations were not consistently reported across
studies, we used sample sizes to compute the weighting factors, following previous meta-
analyses [16,23,34,35]. The weight Wr for each observation was calculated as:
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Wr =
nc × nt

nc + nt
(2)

where nc and nt are the number of replicates in the control and treatment groups, respectively.
To evaluate the overall effects of management practices on soil respiration components,

environmental conditions, and biophysical factors, we used weighted mixed-effects models
with study ID included as a random effect. The model can be expressed as:

Yij = β0 + uj + εij (3)

where Yij is the response variable for observation i in study j, β0 is the overall intercept,
and uj is the random effect of study j, with weight Wr applied to each observation. Models
were fitted using the “lmer” function in the “lme4” package [36]. To minimize overinterpre-
tation, only variables reported in more than three independent studies were included. The
grand mean of lnRR (lnRR++) and its 95% confidence interval (CI) were estimated using a
bootstrap approach implemented in the “boot” package [37]. The treatment effect was con-
sidered statistically significant if the 95% CI did not overlap with zero. For interpretability,
lnRR estimates and CIs were back-transformed to represent the percentage change relative
to the control group, calculated as:

Effect Size(%) =
(

elnRR++ − 1
)
× 100% (4)

We also examined correlations between responses of soil respiration components
and key soil or biological factors, as well as their variation across disturbance severity,
season of implementation, forest type, climate zone, and the time since application for each
management type. Differences among categorical variables were assessed using one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc test when the ANOVA results
were significant. Results were considered statistically significant at p < 0.05. To identify
influential moderators of soil respiration, we used the “glmulti” package, which generates
all possible model combinations and ranks variable importance based on corrected Akaike
information criterion (AICc) [38]. Relative importance was calculated as the sum of Akaike
weights across all models. Variables with importance values ≥ 0.8 were considered essential.
Due to inconsistent data coverages on responses of soil respiration components as well as
key soil or biological factors, the moderator analysis was restricted to geographical and
climatic variables (i.e., latitude, MAT, MAP, climate zone, and forest type) and management-
related variables (i.e., time since treatment, severity level [for clearcutting and thinning],
repetition [only prescribed burn], and the presence of post-harvest residues [for clearcutting
and thinning], post-harvest management [for clearcutting and thinning]). The numerical
values were standardized using z-score normalization, calculated as:

z = (x − )/σ (5)

where x is the original value, μ is the mean of the variable, and σ is the standard deviation.
Publication bias was assessed using a funnel plot and Egger’s regression for asymme-

try [39]. No significant asymmetry was detected, indicating minimal publication bias in
the dataset (Figure S1). All the data analyses were performed in R (version 4.3.3) [40] and
implemented in RStudio (version 2023.12.1) [41].
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3. Results

3.1. Management Effects on Soil Properties and Respiration Components

Forest management practices—clearcutting, thinning, and prescribed burning—
altered key biological and environmental factors, which resulted in soil respiration dynam-
ics and soil pools (Figure 2). These responses may also reflect post-disturbance vegetation
recoveries, including understory vegetation, shrubs, and root sprouts, as well as post-
treatment practices (e.g., residue removal, herbicide application, bedding). Among the
130 clearcutting observations reporting post-disturbance vegetation recovery, 47% docu-
mented natural regeneration of understory and woody vegetation, whereas 40% involved
plantation establishment. These indicate that ecosystem responses (i.e., soil environmental
conditions, soil respiratory factors) to management practices are shaped not only by the
immediate effects of disturbance but also by the subsequent recovery of both overstory and
understory vegetation.

Figure 2. Effects of (a) clearcutting, (b) thinning, and (c) prescribed burn on soil respiration compo-
nents, soil environmental conditions, and biophysical factors. Variables include (1) soil respiration
(pink): total soil respiration (SR), heterotrophic respiration (Rh), autotrophic respiration (Ra); (2) soil
environmental and chemical properties (yellow): soil temperature (Ts), soil moisture (SM), soil bulk
density (BD), soil pH (pH), soil organic carbon (SOC) and nitrogen (SON), total carbon (TC) and
nitrogen (TN), soil C/N ratio (CN); (3) biological variables (green): fine and coarse root biomass
(FRB and CRB), microbial biomass carbon (MBC), canopy leaf area index (LAI), forest floor mass
(FF), aboveground litterfall (LF), and aboveground biomass (ABG). The number of observations and
studies (in parentheses) is shown for each variable. Error bars represent 95% confidence intervals.
Effects are considered significant when the confidence intervals do not overlap zero, with blue indi-
cating significantly positive effects, red indicating significantly negative effects, and black indicating
non-significant effects. Data was only displayed when more than two studies were available for
each variable.

Clearcutting led to the most pronounced shifts in forest structure and soil microclimate.
Aboveground biomass (AGB) declined by 95% (95% CI: −99 to −77%), accompanied by
reductions in leaf area index (LAI; −55%, 95% CI: −77 to −12%), coarse root biomass (CRB;
−90%, 95% CI: −96 to −69%), and fine root biomass (FRB; −32%, 95% CI: −53 to −2.9%).
These structural changes were coupled with significant increases in soil temperature (Ts;
+13%, 95% CI: +7.0 to +19%) and soil moisture (SM; +13%, 95% CI: +2.1 to +28%). Thinning
induced similar but largely non-significant trends, including ABG (−26%, 95% CI: −53 to
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+21%), and FRB (−9.5%, 95% CI: −26 to +11%), and a significant reduction in LAI (−59%,
95% CI: −77 to −23%). Associated changes in Ts (+4.5%, 95% CI: −8.2 to +18%) and SM
(+2.9%, 95% CI: −3.6 to +10%) were not statistically significant. Prescribed burning caused
comparatively modest shifts, with LAI reduced by 18% (95% CI: −30 to −5.5%) and a
non-significant increase in AGB (+5.2%; 95% CI: −28 to +29%). Ts increased significantly
(+9.2%, 95% CI: +4.7 to +13%), while SM increased more often than it decreased (+1.1%,
95% CI: −7.8 to +11%).

Aboveground litterfall (LF) significantly declined under clearcutting (−79%; 95%
CI: −92 to −37%) and thinning (−31%; 95% CI: −46 to −12%), but exhibited a non-
significant tendency toward increase under prescribed burning (+7.5%, 95% CI: −20 to
+49%). Microbial biomass carbon (MBC) declined across treatments, with the greatest
reduction observed under clearcutting (−18%, 95% CI: −26 to −10%), and to a smaller,
non-significant decrease under thinning (−1.7%, 95% CI: −15 to +14%). For prescribed
burning treatments, the number of available MBC observations was insufficient to support
a quantitative analysis.

Soil organic carbon (SOC) and soil organic nitrogen (SON) exhibited no significant
changes under any management treatment. SOC showed a slight decline under clearcutting
(−6.5%; 95% CI: −23 to +14%) and thinning (−1.7%; 95% CI: −11 to +8.9%), but an
increasing trend under prescribed burning (+11%; 95% CI: −6.6 to +28%). SON had
increasing trends under clearcutting (+9.3%; 95% CI: −25 to +57%) and thinning (+0.7%;
95% CI: −14 to +17%), whereas data for prescribed burning were limited (n = 1).

Clearcutting, however, resulted in significant increases in both total carbon (TC; +31%,
95% CI: +13% to +51%) and total nitrogen (TN; +34%, 95% CI: +2.1% to +71%). Thinning
induced a smaller, but significant increase in TC (+4.8%, 95% CI: +1.1% to +8.5%), without a
significant change in TN (−9.1%, 95% CI: −29 to +19%). The soil C:N ratio (CN) significantly
decreased by 5.2% following thinning (95% CI: −10 to −0.4%). In contrast, prescribed
burning did not significantly alter TC (+1.9%; 95% CI: −18 to +21%) or TN (+6.8%; 95%
CI: −1.3 to +15%).

These shifts in biological and soil microclimate data correlated with changes in soil
respiration dynamics. Total soil respiration (SR) significantly decreased following clearcut-
ting (−11%; 95% CI: −19 to −2.2%) and prescribed burning (−11%; 95% CI: −17 to −2.8%),
while thinning had little effect (+1.2%, 95% CI: −5.0 to +7.7%). Though not statistically
significant, decreases in both autotrophic (Ra) and heterotrophic (Rh) respiration appeared
to contribute to the overall SR decline under clearcutting (Ra: −72%; 95% CI: −94 to +27%
and Rh: −7.1%; 95% CI: −20 to +6.5%) and burning (Ra: −25%; 95% CI: −53 to +21% and
Rh: −19%; 95% CI: −41 to +12%). In contrast, Ra and Rh increased slightly under thinning
(Ra: +5.4%; 95% CI: −11 to + 23% and Rh: +4.5%; 95% CI: −4.5 to + 15%).

3.2. Responses of Soil Pools and Carbon Fluxes to Management Strategies, Climate, and Recovery Stage
3.2.1. Clearcutting

The decrease in soil respiration (SR) was pronounced immediately following clearcut-
ting (−19%), but gradually recovered and shifted to a slight increase (+6.0%) at the late stage
(>5 years). Among climate zones, a significant increase was only detected in Mediterranean
forests (+18%), although this may be due to a selection bias (Figure 3a). A stepwise decline
in SR was observed with increasing harvest intensity; however, this was not statistically
significant due to limited sample size, particularly under more intensive treatments.

Autotrophic respiration (Ra) declined consistently across all treatment categories
(Figure 3c). While Ra tended to recover over time, the changes were not statistically
significant, again likely constrained by limited sample size. Heterotrophic respiration
(Rh) also showed a general decreasing trend, though the magnitude of change was less
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pronounced than for Ra (Figure 3b). No consistent recovery trajectory was detected for
Rh across stages. Although residue removal and fuel treatments (e.g., site-preparation
burning [30 observations] or thinning [1 observation]) following clearcutting were generally
associated with reductions in SR and Rh, these effects were not statistically significant.

Soil organic carbon (SOC) declined more substantially in boreal forests (−30%),
whereas it increased by 14% in temperate forests (Figure 3d). Significant SOC decreases
were also observed following harvest residue removal (−14%) and during the early recov-
ery stage (−15%; <2 years). In contrast, total carbon (TC) generally increased across climate
zones, forest types, and recovery stages, with significant gains detected in boreal forests
(+63%). This increase in TC was also detected during both the early (+42%) and late (+37%)
recovery stages (Figure 3e). Total nitrogen (TN) exhibited a similar pattern to TC, showing
overall increases across the examined categories (Figure 3f).

FRB significantly increased in boreal forests (+30%), but decreased in temperate forests
(−38%), although this latter pattern may be an artifact of the limited number of studies,
particularly from boreal regions (n = 2). Across recovery stages, mean FRB was slightly
positive in the late stage (+4.5%), but did not differ significantly from the early stage (−37%;
<2 years). Litterfall (LF) exhibited a sharp decline during the early recovery stage (−94%),
which partially recovered in the late stage (−49%; >5 years) (Figure 3i). Responses of
the forest floor were variable, but overall, fuel reduction management did not produce
significant changes (Figure 3h).

Figure 3. Cont.
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Figure 3. Clearcutting effect on soil respiration components, carbon and nitrogen pools, and environ-
mental variables in response to forest management practices across different categorical variables.
Panels represent (a) total soil respiration (SR), (b) heterotrophic respiration (Rh), (c) autotrophic
respiration (Ra), (d) soil organic carbon (SOC), (e) total carbon (TC), (f) total nitrogen (TN), (g) fine
root biomass (FRB), (h) forest floor mass (FF), (i) litterfall (LF), (j) soil temperature (Ts), and (k)
soil moisture (SM). Categories include climate zone (boreal, Mediterranean, temperate, subtrop-
ical, tropical), forest type (broadleaf, needleleaf), residue management (residue retention, none),
clearcutting intensity (stem-only [stem], whole tree [WT], whole tree with soil surface removal [WTS],
whole tree with soil compaction [WTSC]), recovery stage (early [<2 years], medium [2–5 years],
late [>5 years]), and post management (fuel reduction, none). Error bars represent 95% confidence
intervals. Effects are considered significant when the confidence intervals do not overlap zero, with
blue indicating significantly positive effects, red indicating significantly negative effects, and black
indicating non-significant effects. Letters denote groupings based on post hoc significance tests (p <
0.05); categories sharing the same letter are not significantly different. Sample sizes and number of
studies used for each category are listed in parentheses. Data was only displayed when more than
three observations were available for each variable.
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Among environmental variables, soil temperature (Ts) increased consistently across
all treatment categories (Figure 3j). However, retention of harvest residues, implementation
of less intensive harvesting (e.g., stem-only removal), and the absence of post-harvest
interventions mitigated the extent of temperature increases. Furthermore, temperature
effects began to diminish during the medium recovery stage (2 to 5 years). Soil mois-
ture (SM) exhibited a general increasing trend, although the magnitude of change was
smaller compared to Ts, and no statistically significant differences were detected among
groups (Figure 3k).

3.2.2. Thinning

Thinning resulted in moderate changes in SR and its components. SR significantly
increased in subtropical forests (+37%), while changes in other regions were not significant
(Figure 4a). When thinning was followed by a prescribed burn, SR decreased more sharply
(−18%) compared to thinning alone (+3.8%). No significant differences in SR were observed
across forest types, thinning severity, residue treatments, or recovery stages. Rh exhibited a
general increasing trend across thinning severity levels and recovery stages, though these
changes were not statistically significant (Figure 4b). Ra significantly increased under
moderate severity thinning (+14%), which was greater than the change observed under
low severity thinning (−3.9%) (Figure 4c).

Soil organic carbon (SOC) did not change significantly across any categories, but was
significantly higher under moderate thinning severity (+15%) compared with high severity
(−10%) (Figure 4d). Although a stepwise decline in SOC was observed with increasing time
since thinning, this trend was not statistically supported. Total nitrogen (TN) significantly
declined in subtropical forests (−9.8%) (Figure 4e).

Fine root biomass (FRB) varied significantly across climate zones and thinning in-
tensities, with higher values in temperate forests (−1.1%) compared to Mediterranean
forests (−31%), and under high-intensity thinning (+1.6%) compared to low-intensity
thinning (−27%) (Figure 4f). FRB declined more sharply when thinning was followed
by site-preparation burning (−40%) than when no post-treatment was applied (−3.7%).
The mean FRB during the early recovery stage was negative (−24%), but shifted to pos-
itive values at the medium (2–5 years; +5.2%) and late (>5 years; +6.5%) recovery stage,
although these differences were not statistically significant. Forest floor mass (FF) generally
declined, with the pronounced reductions in the early recovery stage (< 2 years; −45%)
(Figure 4g). Similarly to FRB, although no significant differences were detected across re-
covery stages, mean FF during the medium stage showed a slight positive response (+1.6%).
Site preparation burning following thinning effectively reduced FF by 64%, compared to
no post-treatment (−4.3%). Litterfall (LF) generally declined following thinning, with a
significant reduction under high-intensity thinning (−35%), but no significant difference
compared with moderate thinning (−33%). In contrast to FRB and FF, LF did not show any
signs of recovery, even in the late recovery stage (−32%; >5 years) (Figure 4h).

Soil warming following a thinning declined over time, with the early (+11%), the
medium (+5.1%), and the late stage (−7.3%) (Figure 4i). Ts rose more in subtropical forests
(+30%) than in temperate forests (−2.8%). SM showed an overall increasing trend across
most categories, although the changes were not statistically significant across climate zones,
forest types, thinning severity, or recovery stages (Figure 4j). Notably, residue retention
after thinning mitigated the SM increase (+6.2%) compared to residue removal (−5.8%).
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Figure 4. Cont.
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Figure 4. Thinning effect on soil respiration components, carbon and nitrogen pools, and environ-
mental variables in response to forest management practices across different categorical variables.
Panels represent (a) total soil respiration (SR), (b) heterotrophic respiration (Rh), (c) autotrophic
respiration (Ra), (d) soil organic carbon (SOC), (e) total nitrogen (TN), (f) fine root biomass (FRB),
(g) forest floor mass (FF), (h) litterfall (LF), (i) soil temperature (Ts), and (j) soil moisture (SM). Cat-
egories include climate zone (boreal, Mediterranean, temperate, subtropical, tropical), forest type
(broadleaf, needleleaf), residue management (residue, no residue), thinning intensity (low, moderate,
high), recovery stage (early [<2 years], medium [2–5 years], late [>5 years]), and post management
(prescribed burn, none). Error bars represent 95% confidence intervals. Effects are considered
significant when the confidence intervals do not overlap zero, with blue indicating significantly
positive effects, red indicating significantly negative effects, and black indicating non-significant
effects. Letters denote groupings based on post hoc significance tests (p < 0.05); categories sharing the
same letter are not significantly different. Sample sizes and number of studies used for each category
are listed in parentheses. Data was only displayed when more than three observations were available
for each variable.

3.2.3. Prescribed Burning

Among the 29 observations that reported burn intensity, 27 were classified as low-
intensity, commonly used for fuel reduction. SR declined significantly under repeated
burning (−17%), a reduction that was substantially greater than that observed under single
burns (−6.4%) (Figure 5a). No significant differences in SR were detected across climate
zones, forest types, or recovery stages. Only 10% of prescribed-burn observations reported
Rh and Ra, which limited further categorical analysis.

TN significantly increased by 12% in needleleaf forests, although the wide confidence
intervals and limited sample sizes constrained the ability to detect a significant difference
from broadleaf forests (Figure 5c). In contrast, TC did not show any significant changes or
differences in category (Figure 5b). Forest floor mass (FF) significantly decreased, and the
reduction in FF was greater in single burn (−87%) than repeated burns (−31%; Figure 5d).
Litterfall (LF) showed insignificant increase in both single and repeated burns with no
significant difference (Figure 5e).

Ts consistently increased across forest types and fire frequencies, but no significant
differences were detected within categories (Figure 5f). In contrast, SM responses were
more variable. SM significantly increased under repeated burns (+13%), in contrast to a
slight decrease observed after single burns (−5.6%) (Figure 5g).
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Figure 5. Prescribed burn effect on soil respiration components, carbon and nitrogen pools, and
environmental variables in response to forest management practices across different categorical
variables. Panels represent (a) total soil respiration (SR), (b) total carbon (TC), (c) total nitrogen
(TN), (d) forest floor mass (FF), (e) litterfall (LF), (f) soil temperature (Ts), and (g) soil moisture (SM).
Categories include climate zone (boreal, Mediterranean, temperate, subtropical, tropical), forest type
(broadleaf, needleleaf), burn frequency (repeat, single), and recovery stage (early [<2 years], medium
[2–5 years], late [>5 years]). Error bars represent 95% confidence intervals. Effects are considered
significant when the confidence intervals do not overlap zero, with blue indicating significantly
positive effects, red indicating significantly negative effects, and black indicating non-significant
effects. Letters denote groupings based on post hoc significance tests (p < 0.05); categories sharing the
same letter are not significantly different. Sample sizes and number of studies used for each category
are listed in parentheses. Data was only displayed when more than three observations were available
for each variable.

3.3. Relationship Between Soil Respiration Components and Biophysical Variables

Under clearcutting, SR declined with decreases in both Ts (R² = 0.08, p = 0.004;
Figure 6a) and soil moisture (R² = 0.13, p < 0.001; Figure 6b). In contrast, change in
microbial biomass carbon (MBC) was positively associated with the change in SR, with
a relatively strong correlation (R2 = 0.65, p = 0.016; Figure 6c). In thinning treatments,
changes in soil respiration and its components were positively correlated with biological
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variables. SR increased with increasing forest floor mass (R2 = 0.22, p = 0.005; Figure 6d),
and Rh response was positively correlated with that in MBC (R2 = 0.42, p = 0.041; Figure 6e)
but negatively with that in litterfall (LF) (R2 = 0.53, p = 0.011; Figure 6e). Change in Ra was
positively related to that in fine root biomass (FRB) (R2 = 0.79, p < 0.001; Figure 6g). No
other variables under clearcutting or thinning, and none under prescribed burns, showed
significant correlations with soil respiration components.

Figure 6. Relationships between log response ratios (lnRR) of soil respiration components and
environmental or biological variables following (a–c) clearcutting and (d–g) thinning. Panels show:
(a) total soil respiration (SR) vs. soil temperature (Ts), (b) SR vs. soil moisture (SM), (c) SR vs.
microbial biomass carbon (MBC), (d) SR vs. forest floor mass (FF), (e) heterotrophic respiration (Rh)
vs. MBC, (f) Rh vs. aboveground litterfall (LF), and (g) autotrophic respiration (Ra) vs. fine root
biomass (FRB). Circle sizes indicate the relative weight of each data point based on the number of
replicates per study. Solid lines represent fitted regression models, and shaded areas denote 95%
confidence intervals.
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The key moderators of harvest and prescribed burning effects on SR were determined
with model selection based on the sum of Akaike weights (Figure 7). For clearcutting, the
retention of logging residue and the intensity of the disturbance were the most important
and significant moderators of SR change (Figure 7a). For thinning, important moderators
included thinning intensity, climate zone, post-treatment (i.e., prescribed burning), and
mean annual temperature (MAT) (Figure 7b). For prescribed burning, MAT was the primary
moderator of SR response (Figure 7c).

Figure 7. Model-averaged variable importance for predicting the effects of (a) clearcutting,
(b) thinning, and (c) prescribed burn, on the natural logarithm of the response ratio of soil res-
piration. Importance values represent the sum of Akaike weights from model selection using the
corrected Akaike Information Criterion (AICc). A threshold of 0.8 (red line) was used to identify
essential predictor variables.

4. Discussion

4.1. Effects of Forest Management on Above- and Belowground Biomass and Soil Respiration
Components

Clearcutting significantly reduced both fine and coarse root biomass (Figure 2a),
whereas thinning and prescribed burning resulted in non-significant reductions
(Figure 2b,c). Correspondingly, both Ra and Rh declined under clearcutting and pre-
scribed burning, with the reduction being more pronounced in Ra than in Rh (Figure 2b,c).
The stronger decline in Ra can be attributed to losses of live plant biomass, which directly
suppresses substrate supply and root activity, and thus Ra. The reduction in Ra was clearly
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stronger in clearcutting (−72%), as the damage to both aboveground biomass and root sys-
tems was greater. Prescribed burning also reduced Ra (−25%), likely due to the mortality of
fine roots in the surface soils, consistent with earlier reviews [17,18]. Such effects can arise
even under low-intensity burns, especially when fires are applied repeatedly [42–44] or
occur under unfavorable seasonal conditions [45,46]. Ra showed a recovery trend following
a clearcut over time (Figure 3c), likely with the regrowth of understory vegetation and the
regeneration of overstory species [47,48]. In contrast, the change in Rh was small, likely
reflecting the offsetting effects of reduced root exudates but increased detritus both above-
and belowground [49–51]. We should note that while the predominant effect of declining
Rh reported here and in Akande et al. [16], the meta-analysis by Yang et al. [23] reported
an overall increase. It is likely that their conclusion resulted from combining clearcutting
and thinning into a general “harvesting” category. Furthermore, their finding of a negative
relationship between Rh response ratio and harvest intensity is consistent with the current
observation of the greatest Rh decline following clearcutting.

Unlike clearcutting and burning, thinning tended to maintain or even enhance SR
components (Figure 2b). Non-significant increases in SR, Rh, and Ra were observed
under thinning, consistent with previous meta-analyses reporting either significant or
non-significant increases in SR or Ra following thinning [20,21,52]. Importantly, Ra in-
creased significantly by 27% under moderate thinning intensity (Figure 4c), consistent
with Zhao et al. [47], whereas SR and Rh did not respond significantly to thinning of any
intensity (Figure 4a,b). The increase in Ra likely reflects enhanced fine root growth under
moderate thinning (Figure 4f), supported by positive correlations between Ra (and SR)
responses and fine root biomass (Figure 6g and Figure S2). Improved light availability and
reduced competition for water and nutrients under moderate to high thinning intensity
stimulate the growth of residual trees [22,53], promoting their root [54,55] and mycorrhizal
development [56] and contributing to elevated Ra. Furthermore, earlier studies suggest
that moderate thinning can also enhance understory vegetation growth, further increasing
root biomass and Ra [55].

Harvesting, both thinning and clearcutting, reduced tree density and consequently
decreased litterfall inputs, and this reduction persisted into the late recovery stage
(>5 years; Figures 3i and 4h), consistent with long-term declines in litter production ob-
served under thinning [20]. Under clearcutting, MBC also declined significantly (Figure 2a),
consistent with previous syntheses that reported a reduction in microbial biomass by 19%
following harvesting [57]. Nevertheless, Rh did not exhibit a significant decline under
either harvesting treatment; rather, under thinning, it even showed a slight, though non-
significant, increase (Figures 2b and 6b). As with clearcutting, the opposing effects of
increased detritus production and reduced exudates may balance one another out, or one
may temporarily dominate. For instance, Wang et al. [55] reported that thinning stimu-
lated both fine root production and turnover in overstory and understory vegetation of
a Chinese fir plantation, with the effect being more pronounced under intense thinning.
López et al. [54] also reported that fine root mortality increased by 32% two years after a
heavy thinning in the Mediterranean oak forest. In our analysis, signs of fine root biomass
recovery were evident in both thinning and clearcutting treatments (Figures 3g and 4f),
likely contributing to the stability of Rh. Enhanced aboveground productivity following
thinning [22] may further increase belowground carbon inputs; for example, Zhao et al. [58]
observed increased root exudates during the growing season following a heavy thinning in
a Chinese fir plantation. In addition to altering substrate inputs, thinning may also affect
microbial community composition and functionality [52], thus affecting Rh. However, data
on these effects are sparse in our dataset and were therefore not included in the current
meta-analysis.
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4.2. Effects of Forest Management on Soil Environment and Properties

Harvesting and prescribed burns reduced the forest floor and increased light availabil-
ity by opening the canopy and reducing mid- and understory vegetation. These changes
elevated soil temperature, particularly during the early recovery stage. Contrary to our
hypothesis, however, higher temperature in response to all of these treatments, as well as
increased soil moisture under clearcutting, did not enhance Rh or SR. The negative correla-
tion of SR with Ts and SM under clearcutting (Figure 6a,b) aligns with earlier studies [16,59]
and may be attributed to the restoration of carbohydrate supply and fine root biomass with
understory regrowth and overstory regeneration over time that override correlations with
temperature [48]. Furthermore, the loss of obligate symbiont microbes after clearcutting
may also restrict soil C processing [51,60].

Our meta-analysis showed that overall effects on mineral soils were limited. The
main exception was clearcutting, where TC and TN significantly increased, a pattern that
persisted even during late recovery (>5 years), likely due to delayed mortality of below-
ground detritus [61,62]. In contrast, SOC declined under certain conditions, particularly
when residue removal or site-preparation burning was applied, as these practices can
extend depletion into deeper soil layers [63,64]. The magnitude and direction of these
responses may also be shaped by climate and vegetation type [65,66]. Although the residue
retention was similar in temperate (40%) and boreal forests (49%), SOC tended to increase
more often in the temperate forests and decline in boreal forests. This pattern aligns with
Mayer et al. [67], who reported the strongest SOC losses in cold-climate forests with large
pre-harvest SOM pools. Nevertheless, SOC recovery is expected during early to mid-
succession in boreal forests, supported by plant and mycorrhizal hyphal production, and
the mycorrhizal suppression of saprotrophs (i.e., Gadgil effect) [68].

By contrast, prescribed burning led to slight, non-significant increases in SOC, TC,
and TN, a pattern consistent with earlier reviews [30,69]. These modest changes may result
from the incorporation of unburned or partially charred slash into the mineral soil, or from
incomplete combustion of organic matter under low fire temperatures [70]. On the other
hand, more severe fires can cause greater combustion of the forest floor and mineral soils,
often resulting in lower soil C and N pools [71].

4.3. Effects of Repeated and Post-Treatment Burns on Soil Dynamics and Respiration

Repeated low-intensity prescribed burns are widely applied to manage forest structure,
reduce wildfire risk, and promote ecosystem resilience [29]. In our dataset, 38% of observa-
tions involved repeated burns. These burns reduced SR by 17%, a decline greater than that
observed for single burns (Figure 5a). Although low-intensity fires are often assumed to
have negligible effects on soil processes [30], our results show that repeated applications
generate cumulative impacts on both forest structure and belowground dynamics, thereby
reducing SR. This meta-analysis detected that repeated burns, compared to single burns,
led to smaller reductions in forest floor mass (Figure 5d), likely due to progressive fuel
depletion, but greater increases in soil moisture (Figure 5g), potentially from reduced
fine root density or reduced transpiration and increased throughfall following long-term
canopy loss [70]. Yet, despite these shifts, SR declined more strongly under repeated burns,
suggesting that limitations in substrate availability, and root and microbial activity were
dominant controls. Interpretation of the full magnitude and temporal trajectory of this
decline, however, remains constrained by the limited, short-term nature of many prescribed
burning observations. Consistent evidence from prior work points to reductions in root
biomass [44,72], losses of surface soil C and N [73,74], lowered litter quality [75], and
altered microbial and mycorrhizal communities [42,43,76]. In a different study, we hypoth-
esized that long-term frequent burning may have reduced fungal colonization of roots [44],
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amplifying declines in the autotrophic component of SR. Repeated fires may introduce
pyrogenic C inputs [19,45,77], which can increase soil recalcitrance to decomposition [78,79],
but its production under low-intensity fires is variable and less consistent than that from
wildfires [30]. Collectively, these cumulative effects of organic matter loss, reduced root
inputs, and altered microbial–plant interactions explain the stronger SR declines observed
under repeated burns than single burns.

Harvesting combined with site-preparation burning is also widely implemented to
suppress competing vegetation, reduce wildfire risk, and facilitate plantation establishment
(e.g., [24,25]). Following clearcutting, logging residues can buffer soils against compaction
and erosion, enhance moisture and nutrient retention, and provide organic inputs that sup-
port plant regrowth [80,81]. However, when residues are removed or combusted through
site-preparation burning, long-term negative impacts may arise, including mineral soil
carbon losses [82,83], shifts in understory plant compositions [84], and, in some cases,
elevated mortality of remaining trees [8,85]. The effects of post-harvest burning were more
pronounced under thinning than under clearcutting. After thinning, reductions in forest
floor, fine root biomass, and SR were significantly greater with post-burn than without (Fig-
ure 4a,f,g), whereas post-burn following clearcutting did not substantially alter biological
factors or SR components, although Ts increased (Figure 3j). Compared with clearcutting,
thinning leaves more standing trees and residual root systems, which continue to supply
carbon to the soil. Site-preparation burn, therefore, may disproportionately disrupt root
and mycorrhizal activity and microbial processes by damaging residual fine roots, forest
floor, and understory vegetation, cumulatively leading to reductions in SR, analogous to
the effects of repeated prescribed burns. Additionally, among selected thinning studies,
only 5 of the 67 observations (7%) explicitly reported that the forest floor was left intact;
thus, it is possible that a site-preparation burning may directly affect soil surface roots and
microbes. By contrast, clearcutting removes the majority of overstory trees, so subsequent
fuel reduction fires did not significantly affect forest floor mass (Figure 3h). While SR and
Rh showed trends of decrease when residues were removed or post-burn applied, these
differences were not statistically significant (Figure 3a,b). As discussed earlier, recovery of
SR and Ra appears more dependent on regrowth of understory vegetation and overstory
tree regeneration, such that additional burning does not markedly intensify reductions in
SR or Rh.

5. Conclusions

This study evaluated the effects of three major forest management practices—
clearcutting, thinning, and prescribed burning—on soil respiration (SR), its component
fluxes (Ra and Rh), and associated biophysical and soil environmental variables. Our
results showed that clearcutting and repeated prescribed burning significantly reduced
SR, particularly Ra, although for potentially different reasons. While after clearcutting the
decline is clearly attributable to the removal of live crowns and thus the supply of carbon,
prescribed burning may, on the one hand, combust detritus and, on the other hand, kill
roots and microbes in the surface soil. While increased sink strength following prescribed
burning may also be possible, the data evaluated here did not indicate this. In contrast,
thinning caused non-significant changes in SR components, likely because the damage to
the belowground compartment was minor and compensatory growth of remaining trees
and understory vegetation offset long-term reductions in aboveground litterfall. However,
this non-significant pattern may shift toward negative effects when thinning is combined
with post-treatments, such as site-preparation burn or residue removal, which can further
impair root systems and microbial communities, resembling impacts of clearcutting or
repeated fire. Crucially, despite observed increases in soil temperature associated with
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canopy opening and/or reduced understory cover, SR and its components were not consis-
tently correlated with warming, reinforcing the role of substrate availability rather than
temperature as the dominant driver of soil carbon flux responses to management. We
recommend that future research prioritize long-term field experiments, particularly un-
der prescribed burn treatments, to better understand long-term soil carbon stabilization.
Overall, the meta-analysis demonstrates that forest management decisions regulate not
only aboveground biomass and stand structure but also fundamental belowground carbon
processes, with important implications for soil health and climate mitigation.
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Abstract: Forests have a key role in mitigating both non-biological and biological ecological
disturbances. However, major disturbances (soil pollution, shift from native forest species
to exoticones, forested watersheds and climate changes) can have different impacts on a
forest’s soil microbiome. Because the soil microbial community of forests has a key role in
a variety of ecosystem services that promote the forest’s health, this review tries to answer
the following questions: (i) Which are the main ecological disturbances that drive the
responses of the forest soil microbiome? (ii) How can we measure these changes? For this
aim, the review summarizes details on the tree vegetation type, the microbial communities
in forest ecosystems, and the mutual influence between plants, soil, and microbiomes.
Microbial communities are shaped by factors such as soil type and composition, plant
and vegetation types, nutrient levels and soil fertility, disturbance patterns, symbiotic
associations, biotic interactions, and the progression of forest succession. Anthropogenic
activities produce a rapid response in the microbial communities, leading to both short- and
long-term alterations. Harvesting processes reduce drastically the microbiome diversity,
forcing a shift from specialized to more generalist microorganisms. Restoration scenarios
indicate a re-establishment of microbial communities to a level similar to the native forest,
but with a high percentage of replaced native microorganisms. This review emphasizes
that the forest soil microbiome is shaped by a range of environmental, ecological, and
biotic factors. The primary drivers of the soil microbiome in forest ecosystems discussed in
this review include soil composition and nutrient availability, plant community structure,
microbial interactions within the soil, disturbances, succession, and temporal dynamics.
When considered together, these factors interact in complex ways, influencing the diversity,
function, and resilience of the soil microbiome in forest ecosystems.

Keywords: holobiont; ecological disturbances of forest; climate change; anthropogenic
forest conversion; microbial community profile; diversity and abundance of forest soil
biota; disturbance responses of soil bacterial and fungal communities

1. Introduction

The biosphere’s health relies mainly on forest ecosystems that regulate essential nutri-
ent and energy patterns, which, in turn, can significantly influence the climate system [1].

Forests 2025, 16, 148 https://doi.org/10.3390/f16010148
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Undisturbed forest landscapes, unaffected by human pressures, serve as significant carbon
sinks, mitigating greenhouse gas emissions. On the other hand, tropical deforested regions
and poorly managed forests can exacerbate climate change [2–5]. Forest ecosystems are
important not only for regulating the climate but also because they include a vast biodiver-
sity that holds crucial ecological and economic value. For this reason, the United Nations
General Assembly proclaimed 21 March as the International Day of All Types of Forests in
2012, and the specific 2023 theme was ”Forests and Health”.

The aim is to emphasize the role of healthy forests for healthy people, in the
framework also of the “One Health” concept (UN, 2023, https://www.un.org/en/
un-chronicle/healthy-forests-are-crucial-human-health-and-sustainable-development, ac-
cessed on 1 June 2024) and in line with the sustainable development goals (SDG
15, https://www.un.org/en/chronicle/article/goal-15-seeing-forest-trees-making-most-
synergies-achieve-sdgs-constrained-environment#:~:text=A%20case%20in%20point%20is,
degradation%20and%20halt%20biodiversity%20loss%E2%80%9D, accessed on 1 June 2024).
Current human management practices like deforestation, agriculture on a large scale, small-
scale farming, and the development of infrastructures are unfortunately leading to rapid
changes in forest biodiversity. Moreover, as forests increasingly become a source of re-
newable materials and fuels, their economic significance has been growing, forcing their
harvesting in several parts of the planet. It is thus imperative to adopt conservation and
sustainable management strategies to preserve the functionality of forests, protect global
biodiversity and, at the same time, match the socio-economic needs [6,7].

Belowground microbiota, which includes soil, the rhizosphere, and root-associated
microbial communities, is crucial for sustaining the physiology and the growth of plants [8].
These beneficial effects depend on nutrient-absorbing processes that increase nutrient
uptake efficiency (plant growth enhancement) and protect against various negative abiotic
and biotic conditions [8]. Moreover, specific bacteria and fungi interconnected with peren-
nial tree crops interface with soil invertebrate food webs, supporting several regulation
mechanisms [9]. On the other hand, trees have also a great influence on soil microbiota
diversity, functioning, and fitness. For example, it was recently found that tree diversity has
a positive influence on soil microbial resistance to drought [10]. Nevertheless, knowledge
of how microbial communities of soil react to forest management is still very scarce. It
has been well known that important biomarkers of forest ecosystem status are microbial
community structure, their patterns of gene expression, and the metabolic activities. In fact,
these factors can increase the capability to observe the health of forest ecosystems, to assess
the effects of management practices, and in some way, to identify variations in nutrient
and energy flow patterns before they have permanent effects [11].

The use of community profiling approaches such as molecular, biochemical, and
physiological techniques have advanced the knowledge on the role of microbial diversity
in forest soils. It was recently found that forest type influences microbial community
composition and the inter- and intra-ecosystem variability of communities between and
within forest ecosystems and that microbial communities respond to disturbance and
forest management activities. Finally, numerous works highlight the relationship between
microbial community and forest soil processes [12–14].

Even though different long-term responses to forest disturbance are observed in
bacteria and fungi, several studies validate definite changes in the responses of important
bacterial and fungal functional groups (e.g., nitrifying bacteria and mycorrhizal fungi), and
indicate that both microbial groups play important functions in the long-term modifications
of biogeochemical processes detected as a result of disturbances to forests [15,16].

Understanding the factors that drive the forest soil microbiome has become a promi-
nent research topic worldwide [17]. Soil microbial communities have pivotal functions in
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promoting soil health by contributing to organic matter turnover and nutrient cycling. As
an indispensable part of the soil ecosystem, the soil microbiome drives processes such as
soil formation, fertility, plant growth and stress tolerance, as well as the nutrient cycles
and carbon storage [18]. In forests, soil microbes contribute to forest ecosystem health
by decomposing organic matter, cycling carbon and nutrients, incorporating humic com-
pounds into mineral soils, and connecting plant and ecosystem functions. Moreover, they
have a crucial role in carbon storage and are responsible for plant photosynthetic carbon
inputs to the soil [19]. However, soil microbial communities are highly sensitive to changes
in forest land use, and the impact of such changes on these communities remains poorly
understood despite their functional significance [20,21]. Recently, Baldrian et al. [5] indi-
cated that, although significant research progress in the forest microbial ecology framework
has taken place, there are still many gaps and challenges that researchers face. Among
others, some key limitations and challenges in this field are the complexity of microbial
communities, spatial and temporal variation, limited knowledge on microbial functions,
methodological constraints, a lack of long-term data, climate change and disturbances, data
integration, and collaboration [7]. However, by addressing these issues and working col-
laboratively, scientists can make significant strides in unraveling the intricate relationships
between microorganisms and forest ecosystems, ultimately aiding in forest conservation
and management efforts.

The holobiont concept fits into the better understanding of forest ecosystems and their
future evolution. The terms holobiont refers to a host organism (in this case the plant) and
its associated microbial communities, collectively functioning as a unit [22]. This concept
have been challenged the traditional view of organisms as individuals and emphasizes
the importance of symbiotic relationships between a host and its microbiome [23]. The
microbiome includes bacteria, archaea, viruses, fungi, and other microorganisms that
inhabit a specific environment, such as the surface of plant roots or the internal parts of the
plants. The holobiont concept suggests that the host and its associated microbiome should
be considered as a single ecological and evolutionary unit [24]. Thus, the interactions
within the holobiont can play a crucial role in the adaptation and response of the organism
to ecological pressures. The microbiome can contribute to the host organism’s ability to
adapt to environmental changes. For example, certain microbes in the soil can enhance a
plant’s resistance to pathogens or help it acquire nutrients more efficiently [25]. Moreover,
symbiotic relationships within the holobiont can provide benefits to the host under different
ecological pressures. For instance, gut bacteria in animals can aid in digestion, contribute
to the immune system, and even play a role in protecting against harmful pathogens [26].
Based on the frameworks proposed in this concept, new interdisciplinary research areas
can be developed, and new functional solutions identified.

Faure et al. [10] consider that the assemblage processes of the microbiota and the
function of the host in microbiota selectivity are valuable research topics. The paper
highlighted that the exudates from plants can selectively influence the microbiota, causing
plants to have contrasting strategies for nutrient resources.

The proposition of interactions between plant and earthworm holobionts for enlisting
microbiota that aids in organic matter recycling and mineral nutrition corresponds with
the increasing acknowledgment of the intricate relationships between organisms and their
microbiomes in ecological processes [12]. The plant–earthworm interaction might entail
the enlistment of specific microbial communities by both entities. For instance, plants
can release root exudates that attract beneficial microbes engaged in nutrient cycling and
promoting plant growth. Earthworms, through their interactions with the soil and organic
matter, might harbor specific microbiota in their gut or on their skin. As they traverse
the soil, these earthworm-associated microbes could influence the soil microbiome. The
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concept of holobionts implies that plants, earthworms, and their associated microbiota
operate as a cooperative entity. The microbiota linked with both the plant and earthworm
could contribute to the overall well-being and functionality of the holobiont in the context
of organic matter recycling and nutrient cycling.

Dessaux et al. [27] examined the mutually interdependence between plants and mi-
crobiota and their subsequent possible applicability to improve performance and healthy
of plants. Holobiont functioning is another important issue when examining holobiont
studies. Which functional traits of the holobiont are derive from the microbiota and the host
assemblage, and what are these functional traits that support the holobiont’s adaptation in
a mutational environment?

The holobiont functional traits resulting from the assembly of microbiota and host can
encompass various aspects, all of which contribute to the holobiont’s adaptation in a chang-
ing environment [28,29]. Microbiota associated with the host can facilitate nutrient uptake
and metabolism, including the acquisition of essential nutrients from the environment
and the breakdown of complex organic compounds [30]. This can enhance the holobiont’s
ability to thrive in nutrient-limited or variable environments. Certain microbiota can confer
resistance or tolerance to pathogens and pests by directly antagonizing them through the
production of antimicrobial compounds or by priming the host’s immune system [31].
This contributes to the holobiont’s ability to withstand disease pressure. Microbiota can
enhance the host’s tolerance to various abiotic stresses such as drought, salinity, or extreme
temperatures by modulating physiological processes or producing stress-protective com-
pounds [32]. This helps the holobiont to survive and thrive in challenging environmental
conditions. Beneficial symbiotic relationships between the host and specific microbiota can
provide mutualistic benefits, such as the exchange of nutrients or growth-promoting factors.
These interactions contribute to the overall fitness of the holobiont in its environment [33].
Its microbiota can influence host development and growth through various mechanisms,
including hormone production, nutrient availability, and regulation of gene expression.
This can lead to enhanced growth rates or altered developmental patterns that optimize
the holobiont’s performance in its environment. Overall, the diverse functional traits
resulting from the interaction between host and microbiota contribute to the adaptability
and resilience of the holobiont in the face of environmental variability and change [34,35].
Understanding these traits is essential for harnessing the potential of microbiota-mediated
adaptations in agriculture, ecosystem management, and other fields.

The diversity of microbial communities within a holobiont can contribute to its re-
silience in the face of ecological challenges [36]. A diverse microbiome can provide func-
tional redundancy, ensuring that essential functions are maintained even if some microbial
species are affected. Understanding the holobiont concept has implications for fields such
as medicine, agriculture, and ecology [37–39]. It highlights the interconnectedness of or-
ganisms and their associated microbiomes and emphasizes the importance of considering
this holistic perspective when studying adaptation to ecological pressures.

To understand these relationships is fundamental for sustainable and responsible agri-
culture and the management of ecosystems. By appreciating the collaborative relationships
between different organisms and their microbiomes, researchers and practitioners can de-
velop strategies to enhance soil health, nutrient cycling, and organic matter decomposition
in a more holistic manner. This approach aligns with the broader shift towards ecological
thinking in agriculture and ecosystem science.

In this review, we explore how bacteria play a role in the complex forest ecosystem, and
summarise findings from recent literature to understand the main factors that determine
their abundance and diversity. We discuss how microbial populations of forest ecosystems
have been responding to climate change, and the implications of this response on ecosystem

157



Forests 2025, 16, 148

processes. Finally, current knowledge on the bacteria’s role in addressing ecosystem
processes and their capacity to adapt to global change are also discussed.

2. Materials and Methods

This review considers articles published between 2003 and 2023 concerning the main
factors that drive the responses of the forest soil microbiome based on an overview of
scientific publications on the disturbance responses of forest microbial communities. The
articles are original studies as well as literature reviews, including scoping reviews and
systematic reviews.

The selection criteria were:

- Peer-reviewed articles;
- Type of publication (only original studies or reviews were considered).

The main directions of the systematic review consisted in reviewing the impact of
tree vegetation and tree composition on soil microbial communities; the influence of the
soil microbial community on the plant-associated microbiome in the context of forest
anthropogenic disturbance; the effect of harvesting on the diversity and structure of soil
bacterial and fungal communities; the study of the soil microbial community successional
patterns during forest ecosystem restoration; the diversity and response to global change;
and the screening of bacterial communities in forest ecosystems.

Exclusion criteria comprised:

- Editorials;
- Published studies other than in English.

ERIC (Education Resources Information Centre) and numerous databases, including
Web of Science, Science Direct, SpringerLink and Google Scholar, were used to study key
relevant research. The following keywords in the various databases were used: forest
soil microbiome, disturbance responses of forest microbial communities, influence of
climate change on microbial diversity, drivers of abundance and diversity of forest soil
microorganisms, forest anthropogenic disturbance, harvesting, ecosystem restoration.

3. Results and Discussion

The literature review included 102 articles that met the criteria for our analysis. The
relevant data extracted from the articles were categorized by continent and research topic
(Table 1).

Table 1. Important data from articles distributed by continent and research topic.

Subject Article Distribution by Continents

General Europe Australia Asia
North

America
South

America

Bacterial communities in forest
ecosystems 23 2 7 6 1

Impact of tree vegetation and tree
composition on soil microbial
communities

4 - 2 - -

Influence of soil microbial
community on plant-associated
microbiome in the context of
forest anthropogenic disturbance

2 - 2 3 1
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Table 1. Cont.

Subject Article Distribution by Continents

General Europe Australia Asia
North

America
South

America

Influence of harvesting on
diversity and structure of soil
bacterial and fungal communities

5 - 3 5 3

The patterns of soil microbial
community succession during the
restoration of forest ecosystems

1 2 3 7 -

The impact of global change on
bacterial communities within
forest ecosystems

6 2 6 6 -

Total 41 6 23 27 5

3.1. Bacterial Ecology in Forest Soils

The ecological factors that drive the microbiome in forest soils are diverse and impact
the composition, diversity, and function of microbial communities. Forest soils are dynamic
environments, and the microbes that inhabit them have key roles in nutrient cycling,
decomposition, and the overall health of the ecosystem.

Forest soil ecology studies have predominantly focused on fungi, although bacteria are
essential portion of the microbial community in soil of forests [40]. It is important to note
that the functions of bacteria and fungi in forest ecosystems do not have to be considered
as separate entities, as they interact with each other in various ways (Figure 1). The fungal
biomass in forest soils has numerous effects on bacteria, such as the development of specific
niches in patches of soil colonized from mycorrhizal fungi (i.e., the mycorrhizosphere) and
microbial mats in the soil [41,42]. Moreover, bacteria occupy various habitats within forest
soils, including bulk soil, the rhizosphere, litter, and deadwood habitats [42]. Their com-
munities are influenced by soil type and composition, vegetation and plant communities,
nutrient availability and soil fertility, disturbance regimes, symbiotic relationships, biotic
interactions, and forest succession. Bacteria are involved in essential soil processes such
as carbon, nitrogen, and phosphorus cycling, and they contribute to the decomposition of
dead plant biomass and fungal mycelia. In fact, recent studies have revealed that bacteria
frequently possess genes that encode plant cell wall-degrading enzymes, indicating that
they are also involved in the plant material decomposition.

They interface with the roots of plants and with the mycorrhizal fungi either by acting
as commensals or helpers of mycorrhizae. Additionally, bacteria are crucial for several
phases in the nitrogen cycle, including nitrogen fixation. The effects of global change, such
as climate warming and increased carbon dioxide levels, can impact bacterial communities
in forest soils. However, the responses are specific to each forest ecosystem, and it is
currently challenging to incorporate bacteria into predictive models. While significant
progress has been made in understanding bacterial ecology in forest soils, the exact extent
of their contributions to forest ecosystem processes remains incomplete. A comprehensive
understanding of all soil community members’ activities is necessary to fully recognize the
bacterial role in forest ecosystems [43].

159



Forests 2025, 16, 148

Figure 1. The role and impact of bacterial communities in forests. Grey dash lines indicate the
possible interactions among bacteria, fungi and plants. The different bacterial habitats that influence
species diversity are displayed at the top of the figure (in grey). At the bottom of the figure, the
different functions of bacteria as mediators or producer are displayed in green.

Forest microorganisms, including bacteria and fungi, have been recognized to have
crucial roles in the forest ecosystem. As decomposers, symbionts, or pathogens, they affect
carbon turnover and retention, as well as the availability of other nutrients [9]. In addition,
research has shown that microbial communities are essential for facilitating biogeochemical
cycles, and understanding their role in ecosystem processes is crucial for predicting how
forests will respond to future environmental conditions [44–46]. Fungi are among the most
extensively studied microorganisms in temperate and boreal forest soils, where they form
diverse communities of saprotrophic and mycorrhizal fungal taxa. They are considered the
primary decomposers in forest soils due to their capability to produce several extracellular
enzymes that efficiently break down the recalcitrant fraction of dead plant biomass [47,48].

In the context of plant–microbial interactions, negative interactions occur when the col-
lective impact of soil organisms, such as pathogens, mutualists, and decomposers, leads to
reduced plant performance. Conversely, positive interactions occur when soil communities
provide benefits that enhance plant performance, such as increased biomass production
and survival. Due to the crucial role of these interactions in shaping ecosystem properties, it
is crucial to understand how soil microbe–microbe and soil microbe–plant relations react to
climate change. This research topic will bring insights into important ecosystem functions,
including the carbon storage in the soil and net primary productivity [16]. However, it is
unclear which way microbial activity will influence carbon feedbacks among plants, soil
and the atmosphere [48]. While the direct effects of climate change affecting microbial
function have been thoroughly investigated, more indirect effects through changes in the
interactions between plants and soil microbes and between microbes and soil microbes are
less well known, even though they can influence vital processes such as plant chemistry,
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plant community composition, and mineralization rates. Plants and microbes can react to
climate change by altering their population ranges, symbiotic partners, or timing of phono-
logical actions. The relative abundance and function of soil communities are also affected
by climatic changes, as soil community members vary in their physiology, temperature
sensitivity, and growth rates. De Angelis et al. [49] demonstrated that a 5 ◦C warming
in a temperate forest changed the relative abundances of soil bacteria and increased the
bacterial-to-fungal ratio of the community.

Bacteria are found in various habitats, which represent different layers within forest
ecosystems, including plant tissues and surfaces, streams, rocks, and especially the forest
floor, soil, and litter. According to Lauber et al. [50], the five most abundant phyla in most
soils are Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, and Firmicutes. Besides, the
biogeographical patterns of the microbial community show site-uniqueness, and most of
the species can be considered as “rare”, due to their site-specific conditions. The pH of the
soil appears to be the most significant factor that determines the composition of bacterial
communities in the soil, but other factors, such as organic matter content, accessibility of
nutrients, climate conditions, and biotic interactions (especially with vegetation), also play
crucial roles [51–53]. Within the groups described by Lauber et al. [50], only Acidobacteria
shows a very high relative abundance at pH between 4–5, while the other ones exhibit
a high relative abundance (30%–40%) at neutral and alkaline values. Fungal taxa are
8–10 times less abundant than bacterial ones in forest litter and soil, but have a higher
specificity for one or two tree species than bacteria [52]. In general, up to 80% of bacteria
are associated with more than six tree species, which indicates the additional effect of litter
and pH in their diversity.

Spatial variability of chemical parameters accounts for the presence of hotspots of mi-
crobial activity with higher abundance and activity in the soil, such as in and on plant litter
and dead wood, or on surrounding plant roots [54–56]. Each of these niches has distinct
characteristics and, therefore, a characteristic bacterial community. Numerous studies have
shown that fungi dominate the litter habitat and play a critical role in litter decomposi-
tion, but recent research has also highlighted the active involvement of bacteria in litter
transformation. In coniferous forest litter, Betaproteobacteria, Bacteroidetes, and Acidobacteria
were found to incorporate relatively more cellulose-derived carbon than fungi. This trend
was observed in different pine forest soils in North America as well, where Bacteroidetes
(Sphingobacteriales), Proteobacteria (Caulobacteriales, Burkholderiales, Xanthomonadales and Rhi-
zobiales), and subdivision 1 Acidobacteria were identified as the primary accumulators of
cellulose-derived carbon. Studies conducted on deciduous forests have also reported that
at least 10% of litter bacteria are capable of decomposing cellulose, with the most common
groups being Proteobacteria, Actinobacteria, Bacteroidetes, and Acidobacteria [57]. While the
acidic soils of coniferous forests are connected to mainly Proteobacteria, Acidobacteria,
and Actinobacteria in temperate deciduous forests, litter bacterial communities look espe-
cially enriched with Bacteroidetes and Proteobacteria [58,59]. The changes in the chemical
structure of litter and root exudates due to the tree species types influence the soil bacterial
communities because of the changes in substrate chemistry [60].

Bacterial and fungal communities in the soil ecosystem have varying spatial distri-
butions. Fungal taxa are more confined to either the litter or organic horizon of soil and
have a more heterogeneous distribution throughout the ecosystem. Environmental fac-
tors are more influential than geographic dispersal limitation in determining the bacterial
community structure of forest soils [61].

The impact of soil properties and vegetation types on the structure and diversity
of soil bacteria is widely acknowledged. Soil pH is recognized as a crucial factor that
regulates the composition of bacterial communities [62]. Additionally, other soil charac-
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teristics, such as nutrient availability and plant diversity, also affect the composition and
diversity of soil bacterial communities [63,64]. Previous studies have demonstrated that
the distribution of bacterial communities is influenced by soil properties, climate, and other
factors [64]. However, the specific controlling factors differ across different ecosystem types
and spatial scales.

Wei et al. [65] analyzed the structure, diversity, and function of soil bacterial commu-
nities in different forest types. They selected two natural and mature forest sites in China
and employed high-throughput sequencing to compare bacterial community diversity and
function in four different seasons. The authors found that the soil bacterial composition
at the phylum level (top 10 phyla) was similar, with differences only observed in relative
abundance. The bacterial communities at the two sites exhibited two significant predicted
functions related to the carbon cycle and three significant predicted functions related to
the nitrogen cycle. This study is among the few to investigate the relationship between
bacterial community structure and function and examine bacterial diversity in two typical
forest sites under natural conditions in climatically transitional regions of China.

Bacterial communities in forest ecosystems are of significant importance for several
reasons, as they play a vital role in maintaining the health, functioning, and sustainability
of these ecosystems. Some key points highlighting the importance of bacterial communities
in forest ecosystems are nutrient cycling, nitrogen fixation, disease control, and mycorrhizal
symbiosis. The forest soil microbiome is shaped by a complex interplay of abiotic (e.g.,
soil composition, moisture, temperature) and biotic (e.g., plant species, soil fauna) factors.
The overall health and functioning of the forest ecosystem are tightly linked to microbial
processes driven by these ecological factors. Understanding these interactions is key to
improving forest management and conservation efforts. The study and conservation
of these communities is essential for the health and sustainability of forest ecosystems,
especially in the face of ongoing environmental changes.

3.2. The Impact of Tree Vegetation and Tree Composition on Soil Microbial Communities

It is well known that soil physicochemical properties are strongly correlated with
microbial communities. For example, a recent study investigated the seasonal dynamics
of six soil enzyme activities (protease, urease, acid phosphatase, cellulase, peroxidase,
and polyphenol oxidase) and microorganisms (bacteria, fungi, actinomycetes, and total
microorganisms), in different vegetation types, and their reactions to shifts under soil
physicochemical properties [66]. Four types of shelter forests (Bambusaoldhamii, Pinusel-
liottii, Eucalyptus robusta, and Casuarina equisetifolia) in China were chosen to investigate
changes in seasonal patterns of enzyme activities (urease, acid phosphatase, cellulase,
and polyphenol oxidase) and microorganism presence in soil correlated with soil physico-
chemical properties (pH, moisture, temperature, nutrients). The results highlighted that
different shelter forests had seasonal differences in the selected microbial activities. The soil
bacteria, fungi, and total microbial presence in four shelter forests considerably improved
in autumn for Actinomycetes. Soil enzymatic activities were correlated to total microbial
presence and soil physicochemical properties. The research also confirmed that soil enzyme
activities and total microbial presence had significant seasonal changes among the four
shelter forests.

Jin et al. [67] found that bacteria are dominant populations in shelter-forest soils in
the extreme arid areas, accounting for more than 80% of total soil microbes, and fungi are
not more than 1% of the total soil microbes, although soil microbial community structure
changes among three soil layers. Zhang et al. [68] studied bacterial surface soil community
diversity and function in the shelterbelts of agricultural soils of five forest types. Dominant
forest soil bacterial phyla include Proteobacteria, Actinomycetes, Acidobacteria, Chlorobacteria,
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and Bacillus, and soil bacteria were found to be better linked and to have more severe
competition in the top layer of the soil than in the bottom layer.

On the other hand, Heo et al. [18] showed the capacity of the microbial community as a
proactive marker of climate-driven vegetation change. The authors studied the soil bacterial
and fungal communities in Korea (Odaesan) over a four-year interval through eDNA
meta-barcoding and analyzed the differences in composition and function between forest
types (Mongolian oak, Quercusmongolica, forest with, as well as without, Manchurian fir,
Abiesholophylla) and sampling years. The results showed that denitrifiers were predominant
in Manchurian firs, but no difference in the influence of climate change according to forest
type. While the tree vegetation was stable, the microbial communities modified significantly
over the course of four years. Climate change alters microbial communities significantly,
although it is not sufficient to trigger a change in vegetation, so a microbial indicator can
be developed to assess the disturbance of accumulated pressure on the forest ecosystem.
The authors showed the impact of Manchurian fir trees and the effects of climate change
on soil microbial communities in temperate forests.

As it is reasonable to understand, not only the activity, but also the microbial commu-
nity structure, is greatly influenced by the type of vegetation, and in particular, the type of
tree species (Figure 2). For example, Prada-Salcedo et al. [69] analyzed the bacterial and
fungal diversity in relation to forest composition using amplicon sequencing. They found
that microbial Shannon diversity was affected by the proportion of evergreen trees, and the
fungi were influenced by forest tree species composition.

Figure 2. General (in grey, on the top of the figure) and specific (in green, on the bottom) changes in
forest microbial communities due to vegetation type and diversity.

Gillespie et al. [55] analyzed the effect of forest litter and absorptive roots on wide-
ranging functions of soil microbial communities under mixed tree species conditions. The
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work suggested influences indirectly through the effects of tree mixture on surface litter
and absorptive root traits and soil parameters. Mixed forests consisting of any three tree
species affected soil microbial functioning, influencing nutrient availability in the forest
soil litter and resource acquisition by the roots. The mixing of trees also changed soil
microbial functioning and catabolic diversity, impacting soil fertility and physicochemical
characteristics. Thus, the results indicate an indirect but existing impact of tree species
mixing on the microbial heterotrophic soil community activity in four different forest
ecosystems, from Mediterranean to boreal forests.

Mycorrhizal communities are greatly influenced by both the composition of tree associ-
ations and their cover within the canopy. Symbiotic mycorrhizal fungi sustain the diversity
within forest trees, but act with a general-to-specific functionality based on a spatial gradi-
ent from large (forest ecosystem) to low scale (host tree) [70]. Arbuscular mycorrhizas in
associations with forest ecosystems vary in terms of species distribution: from generalist
species with a wide distribution and associated with multiple hosts to specialized species
associated with only one or a reduced number of hosts [71]. Tree status and the overall
status of the forest plant community are visible in the feedback between mycorrhizas and
forest future dynamics, seedling survival, and performance [72]. Mycorrhizal colonization
strategy is visible in the diversity of forests [73], with differences induced by arbuscular
mycorrhizas or ectomycorrhizas domination [74], both contributing at the establishment
of a specific flux of nutrients toward their host, the ecosystem nutrient cycling, and host
successions [75,76]. The host species and its physiological traits and status are responsible
for harvesting single or multiple mycorrhizal species, either arbuscular, ectomycorrhizal,
or their dual colonization [77]. This mechanism is visible in the colonization status related
to the type of ecosystem and its tree diversity [78], with the complexity of interactions
increasing complementarily to the increase in species composition [79].

Understanding the complex interactions between tree vegetation, composition, and
soil microbial communities is essential for sustainable forest management, reforestation
efforts, and the conservation of biodiversity [80]. It also has implications for ecosystem
functioning and resilience, particularly in the context of changing environmental conditions.
Researchers continue to study these relationships to gain a better understanding of the
intricate connections between trees and the soil microbiome.

3.3. Interactions Between Soil Microbial Communities and Plant-Associated Microbes Under
Forest Anthropogenic Stress

Nutrient availability/presence has a great influence on microbial communities
(Figure 3). It is well known that plants release nutrients (e.g., root exudates) in the rhi-
zosphere, which is the main area of the soil that influences the microbial community [6].
The presence of contaminants also has a great influence on the microbial community and
activity [81].

In particular, Yurong et al. [82] investigated the rhizosphere’s influence on soil charac-
teristics, bacterial communities and enzyme activities in Robinia pseudoacacia L. throughout
a gradient of heavy metal content contamination. The authors identified that soil organic
matter, accessible nitrogen, and phosphorous contents were clearly higher in the rhizo-
sphere than in the bulk soil at heavy metal contaminated sites. An increase in the activities
of four soil enzymes indicative of the C-cycle (β-glucosidase), N-cycle (protease, urease),
and P-cycle (alkaline phosphatase) were found in the rhizosphere soil at all study sites
compared to the bulk soil. Quantitative PCR (qPCR) and restriction fragment length
polymorphism (RFLP) were used to determine the relative abundance, composition, and
diversity of bacteria in the bulk and rhizosphere soils, respectively. The bacterial 16S rRNA
gene copy number in the bulk soil was markedly less than in the rhizosphere and had
distinctly detrimental correlations with total extractable Pb concentrations. At the various
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study sites, Firmicutes, Gammaproteobacteria, and Alphaproteobacteria were the most prevalent
bacteria. The bacterial diversity index of species richness (S) and Margalef (dMa) were
both clearly higher in the rhizosphere soil than in the bulk soil, even though no differences
were found with Simpson’s index (D) between the bulk and rhizosphere soil. The results of
the redundancy analysis revealed that soil pH, electrical conductivity, soil organic matter,
and total/extractable Pb contents were the main factors influencing the relative abundance,
composition, and diversity of bacteria. The native forest replacement with exotic species
can alter microbial-related soil ecosystem services. This was found by Almonacid-Muñozet
al. [81] in a Chilean native forest. In particular, the rhizosphere bacterial and fungal com-
munities of the native deciduous tree Nothofagus obliqua (a pioneer species that is dominant
in structure and composition after disturbance), grown within an anexotic Pinus radiata
forest of a plantation growing nearby, were analysed. β-diversity analysis indicated that
soil type (rhizosphere or bulk soil) and location type (native forest or P. radiata plantation)
were responsible for most of the change between the bacterial and fungal communities.
Proteobacteria and Basidiomycota were the dominant bacterial and fungal phyla in both soil
types and sites. Bacteria displayed comparable and abundant taxa at the family level,
regardless of soil type or site. The most abundant fungal taxa related to native forests were
Tricholomataceae and Cantharellales, while Russulaceae and Hyaloscyphaceae were the domi-
nant families in P. radiata. The key bacterial functional groups were chemoheterotrophic
and aerobic chemoheterotrophic, with no significant variation among soil types or sites.
Furthermore, the authors showed that the composition and diversity of bacterial and fun-
gal communities typical of the N. obliqua native forest are affected by the adjacent forest
and primarily reflect site properties, such as the available source of lignin-rich wood. In
this study, the different leaf litter and root exudates between Nothofagus oblique and Pinus
radiate probably were key factors that modified chemical and physical parameters of soil,
influencing the soil microbial community.

Figure 3. Effects of ecosystem alterations (due to the combined influence of anthropogenic distur-
bances and soil–plant conditions) on the various soil factors (on the left) and, consequently, on forest
microbiome (on the right).
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Forest disturbance is recognized for its enduring impact on biogeochemical cycling,
particularly on microbially mediated processes such as nitrogen (N) cycling in Appalachian
ecosystems. Osburn et al. [20] used sequencing of 16S and ITS to investigate bacterial
(16S) and fungal (ITS) soil communities in forested watersheds with varying disturbance
histories and in neighbouring reference forests at the Coweeta Hydrologic Laboratory in the
Appalachian Mountains of North Carolina. The study revealed that forests that had been
altered previously exhibited significant differences in the composition, including increased
alpha diversity and abundance of copiotrophic bacterial phyla (e.g., Proteobacteria) and
N-cyclophytes (e.g., Nitrospirae). The fungal community structure also revealed detrimental
effects, particularly in mycorrhizal taxa.

Nevertheless, fungal alpha diversity was not impacted by disturbance, and distur-
bance effects were inconsistent at the fungal class level. Co-occurrence networks established
for bacteria and fungi displayed that disturbed communities had better-linked and closely
clustered networks, suggesting that disturbance impacts not only community structure but
similarly potential ecological interactions between taxa. While bacteria and fungi showed
various long-term reactions to forest disturbance, the study shows strong responses of rele-
vant bacterial and fungal functional groups (e.g., nitrifying bacteria and mycorrhizal fungi),
suggesting both microbial groups have a central role within the long-term modifications of
observed biogeochemical pathways resulting from forest disturbance in the region.

Soil fungal communities in forest, especially mycorrhizal symbionts, are greatly af-
fected by anthropogenic disturbances, which often lead to a habitat fragmentation and
the development of micro-ecosystems with different environmental conditions, symbiotic
functionalities, and health status [83]. The magnitude of anthropogenic pressure is visible
in the plant mycorrhizal status, the survival of native species in the competition with
invasive (alien) ones, the maintenance of a homogenous native habitat and niche, or the
conversion to an artificial heterogeneous one [84]. Fragmentation of forest ecosystems
changes the assemblage of mycorrhizal communities, reducing the dimension of fungal
networks developed between many different hosts to a simpler and less diverse network
between fewer hosts [85]. Along with changes in the mycorrhizal community due to
anthropogenic pressure, a shift in the mycorrhizal type and dominance is visible in the
rhizosphere of trees, an increase in the incidence of pathogens, and an overall forest de-
cline [86–89]. The reduction in mycorrhizal diversity due to anthropogenic pollution leads
to a decrease in their potential functionality, with the magnitude of the effect caused by
single or combined pollutants [90,91]. Currently, the levels of nitrogen and phosphorus, as
well as metal pollution, greatly alter the diversity of mycorrhizal communities emerging to
a critical load that drastically reduces both fungal species and their hosts [92–94]. Human
activities in forests alter the resilience of these ecosystems, forcing host species to access
mycorrhizal symbionts to a greater level in the roots, changing their specific nutritional
function to a larger number of functions, for both survival and protection from abiotic and
biotic pressure [95,96].

Overall, the relationship between soil microbial communities and the plant-associated
microbiome in the context of forest anthropogenic disturbance is intricate and multifaceted.
Research in this area continues to provide insights into how human activities can impact
these ecosystems and how to manage and restore them for long-term ecological health
and sustainability.

3.4. Influence of Harvesting on the Diversity and Structure of Soil Bacterial and
Fungal Communities

Several studies have shown that all forest harvesting systems have an impact on soils,
with significant short-term and long-term effects on microbial communities, particularly
in response to organic matter removal and soil compaction, which are considered major
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disturbances (Figure 4). Different levels of disturbance can result in distinct responses,
with some effects persisting for several years after tree harvesting, as demonstrated by
Hartman et al. [46]. The most sensitive microbial groups in forest systems are the symbiotic
and saprobe species, which can potentially serve as indicators for monitoring recovery. It
is necessary to conduct long-term monitoring over the course of a forest stand rotation
to assess the resilience of the microbial community structure over time. Although the
functional diversity of both bacteria and fungi is high, fungi have demonstrated a much
stronger response to harvesting than bacteria.

Figure 4. The impact of harvesting gradient on forest microbial communities (on the right) and on
the various factors controlling forest changes (on the left). The higher color intensity indicates the
greater impact.

According to Chatterjee et al. [97] the response of forest species to disturbances such
as timber harvesting depends on various factors, including the magnitude of the distur-
bance, soil type, and environmental conditions. Additionally, the biomass of soil microbial
communities can decrease after timber harvesting, as found by Smith et al. [98].

The significance of fungal and bacterial communities in forest ecosystems, as high-
lighted by Dighton et al. [99], means that the removal of overstory trees has a direct impact
on these communities. This impact is dependent on carbon inputs, as indicated by several
authors, and can also affect the structure of litter inputs through saprotrophic fungi and
Actinomycete bacteria [100–104]. However, some studies have contradictory results, suggest-
ing that microbial communities may not respond to perturbations in the same way as trees
do [105]. For instance, some studies indicate that microbial biomass C and N content and
respiration may not be affected by whole tree harvest, soil compaction [106], or forest floor
removal [107]. Meanwhile, other studies have shown that these properties may increase or
decrease [108].

Forest ecosystem structure and function are influenced directly or indirectly by stand
density. Wang et al. [109] studied the influence of Chinese fir plantation density on the
functional diversity of the soil microbial community and concluded that density changes
influence the soil physicochemical characteristics, composition, and metabolic functional
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diversity of microbial communities in Chinese fir plantations. Soil microbial functional
diversity was investigated by Biolog ECO technology. Soil pH, content of oxidizable
organic carbon, available N, available P, and available K were found to be affected by
stand density. Chinese fir plantation density had a considerable influence on the utilization
of carbohydrates, amino acids, carboxylic acids, and phenolic acids by the soil microbial
community, but did not have a significant effect on the utilization of polymers. Principal
component analysis (PCA) showed carbohydrates, polymers, and phenolic acids were
susceptible carbon sources, which determined changes in the metabolic functions of soil
microbial communities in the studied forest.

Harvesting is a management process that produces, in both the short and long term,
a decrease in diversity in fungal communities, along with a reduction in host natural life
cycle [110]. Observed shifts in fungal communities are associated with the quantity of
mineralizable nitrogen, organic carbon, and lead to an increase in adapted and efficient
species, while producing a decrease in the mycelium biomass in soil and in less-represented
(rare) species in the community which are excluded from the new formed ecological
niche [111–113]. In this context, the decomposition process of deadwood and remains
suffers a reduction in efficiency, due to the narrowing of fungal diversity [114]. Both
management and vegetation type act coupled on soil fungi and their biological processes,
with the changes produced in the litter quantity, and its quality, visible in the restriction of
nutrient cycling [115,116]. The long-term effect of harvesting on fungal communities causes
a rapid reduction in species diversity, with the disappearance of multiple species, followed
by a slow re-establishment of fungi to occupy the empty niches [117,118]. This process ends
after 30–50 years, and the re-established fungal community presents a different species
assemblage and composition compared to the native one. The shift in fungal processes is
related to the harvesting intensity, from a high-diversity fungal community with specialized
strategies in nutrient acquisition, to a lower-diversity community with generalist strategies.

Understanding the influence of harvesting on soil bacterial and fungal communities
is vital for sustainable land and forest management. Properly managed harvesting and
land-use practices can help minimize disruption to these microbial communities, ensuring
healthy and productive ecosystems in the long term. Research in this area continues to
provide insights into the ways in which these impacts can be mitigated and managed.

3.5. Patterns of Soil Microbial Community Succession During the Restoration of Forest Ecosystems

The assessment of soil microbial communities is becoming progressively important
for evaluating the sustainability of forest ecosystems and their response to stress and distur-
bances. However, scant information exists regarding the discernible patterns in microbial
community structure and composition during secondary succession or ecosystem restora-
tion. The translation of forests to managed states, such as agriculture or timber plantations,
has contributed to the modification of 75% of ice-free terrestrial ecosystems globally [119].
While approximately 50% of the earth’s land surface was afforested in the prehistoric era,
about 40% of that forest cover has been disappeared, and a large part of the surviving
forest has been subjected to different types of disturbance, particularly in the past two
centuries [120]. Forest conversion still accelerating in the 21st century [121], highlighting
the importance of characterising the effects of forest disturbance on both terrestrial bio-
diversity and ecosystem functions. Such comprehension is essential biogeochemically, as
forest ecosystems play a pivotal role in the elemental cycles and deliver valuable ecosystem
services, such as carbon storage, nutrient cycle regulation, and the provision of clean drink-
ing water [122]. Soil microorganisms are key drivers of these biogeochemical processes
and associated ecosystem services, performing essential functions like litter decomposition
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and carbon and nitrogen cycling, highlighting an urgency to investigate the effects of forest
perturbation on soil microbial communities [123].

The successions observed within forest ecosystems and the mechanisms that produce
them represent an interconnected phenomenon. Disturbances produced especially by
anthropic activities are visible in the occurrence of different successional patterns, which
act as restoration stages. The changes in terrestrial microorganisms, plant biomass, species
composition, and soil physicochemical properties are effects of the forest disturbances.
Moreover, soil C and N stocks, which are known as drivers of microbial community
structure, are affected by the forest disturbance processes [123], and the magnitude of
change is proportional with the resilience of these communities. Several studies focus on
the influence on soil microbial communities of timber harvest (e.g. Kohout et al. [124]), and
prescribed fire (Shen et al. [125]), which can all modify bacterial and/or fungal diversity.
Zhou et al. [126] found a connection between bacterial community variations in previously
disturbed forests, as well as increased relative abundance of r-selected bacterial phyla (e.g.,
Proteobacteria) with previous disturbance. Thus, the selection within the native microflora
assures a microbial pool that can persist in the restoration process. Moreover, changes in
forest soil microbial communities are likely to occur due to disturbances. No studies fully
investigate the long-term activity of bacterial communities, as well as fungi, as a result of
past disturbances such as timber harvesting, agricultural conversion and timber plantation
conversion [127]. Responses to perturbations of soil microbial communities have been
found to be relevant in the forests of the Appalachian region (USA), where about 70% of the
territory is covered by forests and almost all forest ecosystems in the region have suffered
from past disturbances due to human activities, which includes the logging of commercial
timber and/or switching to agriculture [128,129]. In this region, Keiser et al. [130] assessed
long-term effects of disturbance on soil microbial N-cycle functions, finding elevated
nitrification rates in previously disturbed forests. These results have been accentuated by
Lin et al. [131], who found an elevated abundance of nitrifying microorganisms.

Hyphal networks developed in soil by mycorrhizas plays an important role in the
success of forest restoration processes [132]. These networks act as a biological transfer
system for nutrients, from areas apart from plant root activity up to their host root system.
The restoration period is linked with the gradual increase in diversity of mycorrhizal
species and the establishment of mycorrhizal links between different tree species [133].
This biological mechanism relies on the mycorrhizas’ capacity to form symbiosis with
multiple hosts, but induces a series of negative interactions between native and inoculated
mycoflora [134]. Multiple successional scenarios arise from these interactions: (a) Native
mycorrhizal species act rapidly to colonize the new hots, completely eliminating the non-
native (or inoculated) species; (b) Part of the non-native (or inoculated) species persist
in the restored community, followed by a stratified successional process until a climax
based on a dual origin of species in the community; (c) The non-native (or inoculated)
mycoflora restrict the development of the native one and its access to plant hosts, which
leads to a complete change in the long-term assemblage of the fungal community. The
direction toward one successional scenario, or a combination of scenarios, is due to the
mycorrhizal ability to adapt the harsh environmental conditions during the first stages of
restoration [135–137]. Restoration is a process that targets forest function recovery, with the
number of targeted functions positively correlated to the number of species used [138]. In
this process, the feedback established between plants and their mycorrhizal partners leads
to host’s survival, increased growth and development, and achievement of dominance
in community [139]. The inoculum (both native and/or non-native mycorrhizas) used in
restoration is responsible for the success of this process, with different efficiency levels
between species [140].
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The influence of harvesting, particularly in the context of forestry, on the diversity and
structure of soil bacterial and fungal communities has a considerable ecological importance.
The impact of harvesting on these microbial communities can have both short-term and
long-term effects. Understanding the patterns of soil microbial community succession dur-
ing forest ecosystem restoration is crucial for planning and executing successful restoration
projects. By promoting the recovery of microbial diversity and function, restoration efforts
can help rebuild resilient and healthy ecosystems with improved ecological services and
long-term sustainability.

3.6. Impact of Global Change on Bacterial Communities Within Forest Ecosystems

Covering over 40 million km2 and accounting for 30% of the global land area, forests
are among the most extensive and crucial ecosystems on earth [141]. Forests are present
in most of the earth’s biomes and host a significant proportion of global diversity. The
Northern Hemisphere’s temperate and boreal forests, for instance, occupy a significant
portion of its land surface and house 46% of all trees on the planet—0.66 and 0.74 tril-
lion, respectively [142]. Global change, which includes both climate change and other
human-induced changes, has been identified as a primary threat to forests [143]. Human
overexploitation has been the most relevant risk to forests over millennia, and the C balance
of forests is mostly affected by human activities, comprising deforestation, productive forest
management, reforestation, afforestation, and others [144]. Other perturbations related
to climate change and atmospheric factors also impact the carbon balance of forests. As
such, the impacts of temperature rise, drought persistence, fire recurrence, or the increase
in native and invasive forest pests, combined with higher nitrogen and carbon dioxide
loads, influence deeper nutrient cycles to such a degree that forests have the potential to
become net sources rather than sinks of CO2 [145]. Consequently, a clear comprehension of
the role of forests in C fluxes, which are strongly influenced by the bacterial and fungal
activity, has been indicated as an essential requirement for making future predictions about
the health of our planet [49]. If plants are primarily responsible for absorbing carbon from
the atmosphere in forests, the microorganisms in forests play a major role in the carbon
balance in these ecosystems.

From a global perspective, it is crucial to comprehend the diversity of fungi and
bacteria within coniferous forest biomes. Fungi are dominant in decomposing litter material,
whereas bacteria become increasingly important as soil depth increases [146]. Coniferous
forests play a significant role in the global carbon cycle, and understanding the microbial
processes in the soil is essential for predicting global carbon fluxes and their potential
changes in the future.

Global change, which includes factors such as climate change, increased atmospheric
carbon dioxide (CO2) levels, altered precipitation patterns, and human activities, can have
a significant impact on bacterial communities within forest ecosystems. These changes can
disrupt the composition, diversity, and functioning of soil and litter bacterial communities,
leading to various ecological consequences. Understanding the impact of global change
on bacterial communities within forest ecosystems is critical for predicting the responses
of these ecosystems to ongoing environmental changes. Scientists continue to study these
interactions to better inform forest management and conservation efforts, including strate-
gies for mitigating the negative effects of global change on forest bacterial communities
and their associated ecosystem functions.

Different studies show that climate change causes significant changes in the microbial
populations, although not significantly to cause a change in vegetation, so it is possible
to develop a microbial indicator to assess the disturbance of accumulated pressure on the
forest ecosystem. The unpredicted vegetation change can be a serious problem caused by
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climate change, and the soil microbial community should imitate the pressure on forest
ecosystems due to climate change [147,148]. Classen et al. [149] highlighted also that the
global climate change is altering species distributions, and thus interactions among organ-
isms. J Jansson and Hofmockel [150] studied current findings about the climate change
impact on the microbiome of soil and the possible ways in which soil microorganisms can
be utilized to mitigate the negative consequences of climate change.

Although it is known that climate changes infer changes in soil microbial community
composition, species abundance, diversity, survival and resilience, changes in enzyme
production, and changes in interactions between microbes and plant roots, etc. Singhal
et al. [43] found that there is still limited knowledge about the potential impacts of climate
change-induced disturbances on soil microbial communities. Limitations in understanding
these changes are caused by the bi-directional nature of climate change effects on microbial
communities and the continuous modification of both microbial communities and their
associated biogeochemical cycles. This knowledge gap is significant, as the stability of
microbial communities, which refers to their ability to withstand and recover from distur-
bances, is likely to affect ecosystem function. Given the essential roles of forest ecosystems
in climate stability, biodiversity, and economic development, microbial community struc-
ture can serve as an indicator of forest ecosystem status. Changes in microbial community
structure can reveal alterations in nutrient and energy flow patterns before they cause
irreversible effects on long-term soil productivity. Therefore, understanding the dynamics
of soil microbial communities is vital for effective conservation and management of forest
ecosystems [8]. This context imposes a continuous monitoring of both climate and micro-
bial changes, a continuous update of forecasting models, and improvement of indicator
sensitivity.

Even more than a decade following tree harvesting, the diversity and structure of
soil bacterial and fungal communities remained significantly altered by the disturbances
caused by harvesting [151–155]. Moreover, individual taxonomic groups exhibited differ-
ent responses to varying levels of disturbances. Some taxonomic groups, such as plant
symbionts like ectomycorrhizal fungi, and saprobic taxa like Ascomycetes and Actinomycetes,
were highly sensitive to harvesting disturbances. As these taxa play crucial ecological
roles in forest development, their fate is essential for the sustainability of forest ecosystems.
While abundant bacterial populations were found throughout the study area, abundant
fungal populations often exhibited patchy distributions, which is consistent with their
higher sensitivity to the soil disturbances examined.

Extensive research has been conducted on the impact of climate change on soil biota
abundance, diversity, and activity. However, the literature reports inconsistent effects
that are highly dependent on environmental context. Elevated atmospheric CO2 has been
shown to increase microbial biomass, fungal abundance, and the abundance and body
size of most faunal groups, resulting in changes in the structure of the soil food web.
Bacterial diversity, on the other hand, is minimally affected by elevated CO2. Warming,
however, increases the abundance of bacteria and fungi, as well as most soil faunal groups,
resulting in changes in the soil food web structure [156,157]. Drought conditions reduce the
biomass and abundance of the majority of soil microbial and faunal groups, but increase the
abundance of fungi compared to bacteria. However, the impacts of increased rainfall and
flooding on soil biota are still poorly understood and highly context-dependent. Changes
in soil organism abundance and soil food web structure caused by climate change will have
impacts on soil functioning and the provision of soil-based ecosystem services [158]. As
such, the relative importance of these changes in relation to the direct impacts of climate
change on soil functioning is not clear, and the relationships between soil biota and soil
functioning are context-dependent. Further research is therefore needed to establish the
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effect of climate change-induced changes in soil biota on the suppression of diseases, and
also the effect of invasive microbes on soil functioning [39,159]. The effects of global change
on soil food webs and their functions is a growing concern. Soil communities address
several global change factors, which include land-use change, contamination, habitat frag-
mentation and modification, invasive species, soil sealing, and climate change [160–162].
Although significant research has been conducted on the impacts of these drivers on soil
food webs, most studies have concentrated on aboveground organisms.

Climate change is causing increased temperatures and extreme events, such as
droughts, heat waves, and excessive rainfall, on a global scale, and these changes are
already affecting the functioning of terrestrial ecosystems.

4. Conclusions

Studying the factors that drive forest soil microbiome is a complex and dynamic field.
Forest soil microbiomes are extremely diverse and complex. The multiplicity of microbial
species and their interactions can make it challenging to identify the specific factors that
drive their composition and functions.

This review highlights that the forest soil microbiome is influenced by various en-
vironmental, ecological, and biotic factors. The main key drivers of the soil microbiome
in forest ecosystems, addressed in the various sections, are soil composition and nutrient
availability, plant composition, soil microbial interactions, disturbances, succesion, and
temporal dynamics. Overall, these factors interact in complex ways, shaping the diversity,
function, and resilience of the soil microbiome in forest ecosystems.

Microbial communities in forest soils can vary significantly over small spatial scales
due to factors such as tree distribution, topography, and microclimate. This spatial variation
can further hamper efforts to generalize results to larger forest ecosystems. Microbial
communities can change over time due to seasonal variations, disturbances (e.g., forest
fires or logging), and long-term environmental shifts (e.g., climate change). Capturing these
dynamics requires long-term and comprehensive monitoring, which can be resource-intensive.

To understand the forest soil microbiome comprehensively, combinations of field
studies and advanced techniques are often used. The key approaches and techniques for
measuring the changes of the forest soil microbiome due to various factors are soil sampling,
metagenomic sequencing, quantitative PCR, enzyme activity assays, Biolog plates, respira-
tion rate measurements, microbial diversity indices, and long-term monitoring. Studying
these factors and their interplay, insights into how the forest soil microbiome responds
to environmental changes and contributes to the overall health and functioning of forest
ecosystems can be provided. While advances in high-throughput sequencing technologies
have enabled more in-depth studies of microbial communities, these methods not lack
limitations. They may not capture all microbial taxa, and issues such as contamination and
PCR bias can affect the data quality. While DNA sequencing can provide information about
microbial composition, it does not directly reveal the functional roles of these microbes.
Moreover, it is fundamental to know the microbial abundance related to different abiotic
and biotic factors, which must be related to the soil microbial diversity. Determining how
specific microbial taxa contribute to ecosystem functions is a challenging and complex
issue. Microbial communities in forest soils do not exist alone. They interact with other
microorganisms and are influenced by factors like nutrient availability, soil chemistry, and
plant–microbe interactions. Understanding these complex interactions is a crucial challenge.
Studying the factors that drive the forest soil microbiome is fundamental for understanding
ecosystem health, nutrient cycling, and resilience when faced with environmental changes.
Researchers continue to develop innovative techniques, collaborate across disciplines, and
employ long-term studies to address these challenges and gain deeper insights into the
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complex relationships within forest ecosystems. A combination of molecular, chemical, and
ecological tools is necessary to comprehensively measure the changes in the forest soil mi-
crobiome. These approaches allow for the identification of shifts in microbial communities
in response to various environmental factors, such as soil properties, vegetation, distur-
bances, and human activities. By integrating these methods, we can better understand the
dynamics of forest soil microbiomes and their role in ecosystem processes.
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