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Forests, covering one-third of the global landmass, are the world’s most vital terres-
trial ecosystem [1]. They offer multiple ecosystem services [2], such as food production,
biodiversity conservation, sandstorm prevention, water and soil conservation, nutrient
cycling, carbon (C) sequestration, climate mitigation, culture and recreation, etc. [3-8].
Generally, plants, soil, and microbes do not exist alone in an ecosystem; rather, they are
tightly linked to each other [9-12]. Their complex coupling interrelationships are crucial
for driving ecological processes and ecosystem functions in forest ecosystems [13].

Aboveground plants provide essential resources, such as organic carbon and nutrition,
mainly through litter and root exudates, maintaining soil microbial activity and functional
performance [12]. In turn, soil microorganisms (e.g., bacteria and fungi) decompose dead
plant material, thereby influencing soil nutrient availability, plant growth, and the compo-
sition of aboveground communities [10]. Therefore, these interdependencies among plants,
soil, and microorganisms play a very important role in determining the key ecosystem pro-
cesses. Any disruption in these linkages caused by human-driven environmental changes,
including climate warming, increased atmospheric nitrogen (N) deposition, and land use
changes, can result in imbalances in nutrient cycling [14,15], which could ultimately affect
the overall ecological functioning and stability of the forest ecosystems [16]. In these cir-
cumstances, delving deeper into the relationships among plants, soil, microorganisms, and
their responses to environmental changes can enhance our comprehension of the internal
mechanisms in forest ecosystems. This Special Issue selected 15 papers to discuss the
new knowledge and different perspectives on plant-soil microbe interactions, aiming to
promote forest management.

Forest succession is recognized as a key biotic factor that plays a significant role
in shaping above-ground ecological processes and material cycling. For example, Yuan
et al. [17] discovered that forest aging can lead to divergent changes in the stoichiometric
characterizations of C, N, and P among plants, litter, soil, and microorganisms. This finding
contributes to a better comprehension of the nutrient utilization strategies and regulatory
mechanisms in Pinus taiwanensis plantation forest ecosystems. Qiu et al. [18] demonstrated
that variations in fungal functional structure intensify during the succession process of
Pinus tabulaeformis plantations in the North Warm Temperate Zone. This variation is pri-
marily influenced by soil pH, dry matter content, C/N ratio, and N content. Ren et al. [19]
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investigated the shifts in soil microbial communities and assembly processes during vege-
tation succession in a subtropical forest. Their study revealed that the community assembly
of soil bacteria transitions from a deterministic process to a stochastic process and back
to a deterministic process as forest succession progresses from abandoned land to ever-
green broad-leaved forests. In contrast, stochastic processes largely govern the community
assembly of soil fungal communities during all succession stages. Moreover, soil organic
carbon (SOC) is responsible for the change in bacterial communities, whereas SOC, total N
(TN), C:N ratio, and pH collectively regulate the changes in fungal community structure. Li
et al. [20] found that the introduction of broad-leaved tree species to a Chinese fir plantation
not only increased the soil nutrient content, but also enhanced the diversity of soil fungal
communities, resulting in the microbial communities of mixed forests being more diverse.
Therefore, for the sustainable development of Chinese fir plantations, it is crucial to direct
more focus on the middle and late stages of their growth rather than just the early stages.
These results imply that mixed forest models should be prioritized as the primary forestry
management approach.

Climate warming, atmospheric N deposition, and land use changes are three important
human-driven abiotic factors that may impact soil nutrient cycling and soil microorganisms
in forest ecosystems. For instance, Shu et al. [21] observed that soil N mineralization
was more influenced by warming in the subtropical Castanopsis hystrix plantation than
in the temperate Quercus aliena natural forest, which may be attributed to differences in
the soil nutrient availability, fine root biomass, and microbial biomass of forests in the
two climatic zones. Hou et al. [22] showed that after four years of the continuous addition
of N, soil microbial communities in subtropical planted coniferous forests displayed diverse
responses that were dependent on the afforestation tree species. Long-term high-level N
additions consistently lead to detrimental effects on soil microbial communities (especially
fungi), highlighting that soil pH and N availability are crucial factors influencing the
diversity of soil bacterial and fungal communities in these forest ecosystems. Li et al. [23]
studied soil microbial communities in Pseudotsuga sinensis forests with different degrees
of rocky desertification in the Karst Region of Southwest China. They found that the
richness and diversity of microbial communities decreased with an increase in the degree
of rocky desertification, primarily influenced by soil bulk density, pH, SOC, available N,
and available P. Xiao et al. [24] found that relatively heavy thinning can accelerate soil
P-bioavailable turnover by stimulating multiple nutrient cycles, highlighting the essential
roles of microbial biomass turnover and soil nutrient supply in the plant-available P
mechanism in Eucalyptus coppice plantations.

Elevation is a significant natural factor that plays a crucial role in influencing plant
functional traits, soil characteristics, soil microbes, and their relationships within forest
ecosystems. For example, Zhang et al. [25] discovered a notable increase in aboveground
vegetation productivity across diverse altitudinal vegetation belts in the Chinese Tianshan
Mountains since the early 21st century. Huang et al. [26] found that the differences in soil
water availability and soil development due to different altitude habitats could significantly
impact leaf-scale water use efficiency and nutrient status on the western slope of Wuyi
Mountain in southern China. In the Fanjing Mountain Forest ecosystem, Wang et al. [27]
found that the soil properties and enzyme activities were the main factors that drove
the elevational distribution of soil microbial communities. Jin et al. [28] explored the
differences in soil properties and root zone bacteria communities at different altitudes
within the distribution range Davidia involucrata in the Sichuan Province of China. They
also found a significant link between soil parameters and soil bacterial communities in root
zones of mature trees across varying altitude gradients.
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Moreover, some research was conducted on the application of soil microbial inoculants
in agroforest ecosystems. For example, Lai et al. [29] found that ribosome-inactivating
proteins, such as curcin protein, exhibit broad-spectrum antifungal properties. Ribosome
proteins could significantly impact soil fungi and thereby affect the soil ecosystem in
Jatropha plantations. Deng et al. [30] isolated an endophytic bacterium (Pseudomonas sp.
En3) from the leaf of Populus tomentosa. These plant growth-promoting endophytic bacteria
have a notable growth-promoting impact on poplar seedlings. de Oliveira et al. [31] found
that, when inoculated with plant growth-promoting bacteria (Exiguobacterium sibiricum),
the plant of Corymbia citriodora exhibited a taller height, higher chlorophyll b content, larger
shoot and total dry mass, and greater ability to colonize the roots, leading to the production
of higher-quality seedlings.

In summary, the 15 publications in this Special Issue represent a small sample of
current scientific research, offering new insights into plants, soil, microorganisms, and their
interactions in various forest ecosystems. These findings may have implications for forest
conservation, restoration, and management. Moving forward, there is a need to delve
deeper into the relationships among plants, soil, and microorganisms, particularly within
the framework of constructing a global ecological civilization.

Conflicts of Interest: The authors declare that they have no conflicts of interest.
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Abstract: Elevation is one of the most influential factors affecting soil characteristics and microbial
communities in forest ecosystems. Nevertheless, there is no consensus on how soil characteristics,
soil microbials, and their relationships response to the elevation of the mountain ecosystem. We
investigated the soil physicochemical characteristics, the activity of soil enzymes, and the microbial
community at elevational sites from 600 to 2400 m above sea level (asl) in the western slopes of
the Fanjing Mountain ecosystem, China. The soil microbial communities were determined by high
throughput 16S rRNA and ITS amplicon sequencing. The results demonstrated that soil total nitrogen
(TN) showed a slight decrease, whereas total phosphorus (TP) and total potassium (TK) gradually
tended to increase with increasing elevation. The large macroaggregates (>2 mm) accounted for the
largest proportion of the aggregate fraction (66.23%-76.13%) in the 0-10 cm soil layer with elevation.
The average values of the soil electrical conductivity (EC), soil organic carbon (SOC), and cation
exchange capacity (CEC) concentration in the 0-60 cm layer undulated with increasing elevation, and
the highest values were observed at 1500-1800 m asl and 18002100 m asl, respectively. The activities
of soil urease, sucrase, acid phosphatase, and catalase clearly differed (p < 0.05) with increasing
elevation, and the minimum values were found at 2100-2400 m asl. Interesting, with increasing soil
depth, the values of these factors tended to decrease, indicating surface aggregation. In addition,
the soil microbial (bacterial and fungal) community diversity exhibited a single-peak pattern with
elevation. Our results also revealed that the soil bacterial and fungal communities varied significantly
at different elevation sites. The bacterial communities were dominated by the phyla Acidobacteria,
Pseudomonadota, and Chloroflexi, and the phyla Basidiomycota and Ascomycota dominated the
fungal communities. The Pearson and redundancy analyses revealed that the SOC, TP, four soil
enzymes, and soil aggregates were significant factors influencing the soil microbial community. In
conclusion, soil properties and enzyme activities jointly explained the elevational pattern of the soil
microbial community in the Fanjing Mountain. The results of this study provide insights into the
influence of elevation on soil characteristics, microbial communities, and their relationships in the
Fanjing Mountain ecosystem.

Keywords: soil physiochemical properties; extracellular enzymes; high-throughput sequencing; soil

microbial community; elevation

1. Introduction

Soil microorganisms are fundamental biological units of soil ecosystems, and their
community structure, diversity, and functioning can be utilized to evaluate their health [1,
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2]. As the link between soil and plants, soil microorganisms play important roles in
the storage of various types of soil carbon, soil organic matter (SOM) decomposition,
mineralization, plant community assembly, nutrient immobilization, and other biochemical
processes [3,4]. In recent years, changes in soil characteristics and microbial community
structures according to variety environmental factors have attracted considerable interest
for novel perspectives on the influence of environments on biological communities [3,5,6],
especially in various forest soils [7]. Elevation is a critical aspect of mountain topography
and can lead to spatial heterogeneity of biological and abiotic elements by influencing
ecological factors such as temperature, precipitation, and light [7,8]. For example, several
studies have demonstrated that elevation is the main factor affecting the diversity and
abundance of soil microbial communities in various forest soils because it can cause
variations in precipitation and temperature, which in turn will influence different forest soil
microbial community structures and species diversity [9-11]. Nevertheless, the response of
the soil microbial community and diversity differ across the elevation of different forest
ecosystems, in which the climate, forest type, and azonal soil properties covary even over
small spatial distances [12-14]. Moreover, there is no decisive pattern response of soil
microbial diversity along elevation; it is essential to study the distribution and abundance
of the soil microbial community and its relationships with soil property factors at different
elevation sites, which may provide insight into the effects of elevation on the soil properties
and microbial community composition in montane ecosystems.

Elevation has been taken as a strong “natural laboratory” to explore the elevational
patterns of soil microorganism communities and their properties because of the dramatic
climate variation at small spatial scales [15-17]. Compared with the elevational patterns of
plant and animal communities, microbial diversity displays a different trend at the same
increasing elevation owing to the greater sensitivity of microorganisms to environmental
variations [18,19]. Currently, although diverse modes of elevation-associated soil microbial
community and diversity have been extensively studied, including monotonously linear
increasing [8], monotonously linear decreasing [9], humpback [20], concave [21,22], or no
regular change distribution patterns related to [23], a consensus remains complicated. The
lack of accordance potentially suggests that the elevational pattern of microbial diversity
and community composition is site-dependent, confirming the conclusions of a global
synthesis study [9,24]. Additionally, numerous studies have demonstrated that greater
diversity and richness of understory vegetation are beneficial to litter decomposition and
matter cycling and that the litter decomposition rate is controlled by the types and activities
of soil enzymes, and higher soil enzyme activity in turn accelerates plant growth and
development [24,25]. Thus, soil enzyme activity can be a crucial indicator of soil health
status and microbial activity because of its functional properties and susceptibility to
environmental stress [26,27]. The relationships among elevation, soil physicochemical
characteristics, enzyme activities, and microbial communities still need to be explored
further, which is beneficial for enhancing our comprehension of the spatial changes in
active soil substances in mountain ecosystems. In conclusion, the elevational patterns
of soil microbial community structure and enzyme activity were closely correlated with
geographical distributions, which verified the importance of exploring the elevational
patterns of microbial diversity and enzyme activity in soils from more habitats.

The Fanjing Mountains have the most biodiversity-rich terrestrial zones at the same
latitude in the world and are typical representatives of global hotspots for biodiversity
conservation [28,29]. The vertical zone spectrum of vegetation in Fanjing Mountains has the
general structure of the vertical band spectrum of humid subtropical mountain vegetation
in eastern China; for example, it is an evergreen broad-leaved forest belt below 1300 and
1400 m, a mixed evergreen and deciduous broad-leaved mixed forest belt between 1400 and
2000 m, and a subalpine coniferous and broad-leaved mixed forest and shrub meadow belt
between 2200 and 2570 m [29,30]. Although many researchers have reported that the soil
characteristics can be used to evaluate the elevation-dependent variations in the microbial
community structure of mountain ecosystems [30,31], our understanding of the impact
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of elevation on soil characteristics and the microbial community in Fanjing Mountain is
limited. The aims of this work were to (1) investigate the response of soil physicochemi-
cal characteristics to elevation on the western slope of Fanjing Mountain; (2) explore the
changes in soil microbial diversity and communities at different elevation sites; and (3) iden-
tify the possible environmental driver factors that could change soil microbial communities
among the determined physicochemical factors of soil. We hypothesized that soil physic-
ochemical characteristics, the activities of soil enzymes, soil microbial communities, and
diversity respond differently to the elevation. Consequently, we examined the alterations
in soil properties, enzyme activities, and the microbial community at six elevation sites
on Fanjing Mountain (600-2400 m asl) and to identify the possible environmental drivers
of elevational changes in the soil microbial community. This research provides important
basic information and novel understandings of the formerly substituted soil properties
and microbiomes of Fanjing Mountain and will help us better understand the effects of
elevation variation on belowground microbial communities.

2. Materials and Methods
2.1. Study Area Description

The Fanjing Mountain is located in the northeastern part of Guizhou Province in China
(27°49'50"-28°1'30" N, 108°45'55"”-108°48'30" E, Figure 1) [28,29]. Fanjing Mountain,
with 96.5% forest coverage, has a subtropical humid monsoon climate. The forests in
the study area are largely mountainous deciduous broad-leaved secondary forests and
evergreen broadleaf forests. The highest peak elevation is 2570.0 m asl, and the relative
height difference of the mountain body is more than 2000 m. The annual precipitation is
1100-2600 mm and is mainly concentrated in April-October. The average temperature in
the hottest month (July) is 25.3 °C, the coldest month (February) average temperature is
2 °C, the annual frost-free period is 270-278 d, and the annual average relative humidity
is 80% [28,29]. There is an evergreen broad-leaved forest belt below 1300~1400 m, an
evergreen and deciduous broad-leaved mixed forest belt between 1400 and 2000 m, and a
subalpine coniferous and broad-leaved mixed forest and shrub meadow belt between 2200
and 2570 m in Fanjing Mountains [29,30].

Additionally, the parent material of soil is mainly the residual and slope deposits of
Proterozoic Banxi group metamorphic rock weathering, and the predominant soil types in-
clude yellow soil and yellow-brown soil, alongside pronounced soil thickness, clay content,
total iron, and free iron-oxide content, all of which exhibited a reduction with increasing
elevation in Fanjing Mountain [29,30]. Meanwhile, the annual average temperature decline
rate is 0.5-0.56 °C/100 m, and the rainfall increases with the increase of elevation in Fanjing
Mountain, which has obvious vertical zonal mountain climate attributes [30,31].

2.2. Study Plots and Soil Sample

In Sept 2022, the experimental sites were established at various elevations, from west
to east, following the Niuwei River on the western slopes of Fanjing Mountain (Figure 1).
The elevation sites were set at intervals of 300 m and split into an elevation range from the
bottom to the top of 600-2400 m asl (Figure 1). At each elevation site, three replicate soil
sampling plots (20 m x 20 m) more than 100 m apart were established at the same elevation
along an “S” path drawn at each site. Soil samples were obtained from the 0-10 cm,
10-20 cm, 2040 cm, and 40-60 cm layers at each elevation. A total of 72 (3 replicate
samples x 6 elevations x 4 soil layers) soil samples were obtained from all elevation
locations. All the soil samples were brought back to the laboratory and separated into two
parts: one part was air-dried, sieved through 2.0 and 0.25 mm meshes, and stored at room
temperature for the determination of soil physicochemical characteristics, and the other
part was sieved through 2.0 mm mesh immediately stored at —80 °C for the determination
of soil microorganisms. The soil profiles of different elevations are shown in Figure S1.
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Figure 1. (a) Map of Guizhou in China. (b) Map of Fanjin Mountain in Guizhou, China. (c) Map of
the study area in Fanjing Mountain, China.

2.3. Soil Physiochemical Property Determination

The soil pH was measured in a 1:2.5 (mass:volume) suspension of soil to water for
1-2 min via a pH meter (PHSJ-6L, shanghai yanfeng Electronic technology Co., Ltd., Shang-
hai, China) [7]. The soil cation exchange capacity (CEC) was evaluated using the method of
ammonium chloride [21]. The soil electric conductivity (EC) was determined via a conduc-
tivity meter (DDSJ-318 T, INESA, Shanghai, China) [32]. The soil aggregates were separated
and analyzed using the dry-sieving method with different particle sizes of >5, 5-2, 2-1,
1-0.5, 0.5-0.25, and <0.25 mm [33]. Soil organic carbon (SOC) was quantified by the oil bath
heating potassium dichromate-volumetric method, soil total nitrogen (TN) was determined
by heating digestion-alkaline hydrolysis and the diffusion-semimicro Kelvin’s method, soil
total phosphorus (TP) was measured by the molybdenum antimony colorimetric method,
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and soil total potassium (TK) was measured by the heating digestion-flame photometry
method [21,32,33]. In addition, soil urease (SUE) activity was determined by the sodium
phenol-sodium hypochlorite colorimetric method; soil sucrase (SS) activity was measured
using the 3,5-dinitrosalicylic acid colorimetric method; the soil catalase (SCAT) activity was
determined by titration with the KMnO4 method; and the soil acid phosphatase (SACP)
activity was assessed via p-nitrophenyl phosphate colorimetry [20,21,25]. The deionized
water was used to analyze the above indicators.

2.4. Soil DNA Extraction and High-Throughput Sequencing

The microbial DNA was extracted from 0.5 g of fresh weight soil using soil DNA
extraction kits (Omega, Norcross, GA, USA), following the manufacturer’s instructions.
The purity and quality of the extracted total DNA were examined via 1% agarose gel
electrophoresis using a NanoDrop2000 spectrophotometer (Thermo Fischer Scientific,
Waltham, MA, USA). For bacteria, the V3-V4 regions of the 165 rRNA gene were ampli-
fied using the universal primers 338F (5'-ACTCCTACGGGAGGCAGCA-3') and 806R (5'-
GGACTACHVGGGTWTCTAAT-3'). For fungi, the universal primers ITS1 (5-CTTGGTCA
TTTAGAGGAAGTAA-3') and ITS2 (5-TGCGTTCTTCATCG ATGC-3') were used to am-
plify the internal transcribed spacer (ITS) regions of fungal rRNA [34]. Polymerase chain
reactions (PCRs) for bacteria and fungi were performed in detail [7]. The Illumina MiSeq
platform (Illumina, San Diego, CA, USA) at Microeco Tech Co., Ltd. (Shenzhen, China) was
used for high-throughput sequencing. The raw sequencing data were deposited into the
NCBI Sequence Read Archive (SRA) database (BioProject ID: PRINA1093166).

2.5. Sequencing Analysis

Reads were quality-filtered and demultiplexed to acquire available sequences via the
QIIME (version 1.9.1) pipeline and based on the following criteria: (1) a minimum length of
150 bp, (2) Phred quality scores over 20, (3) no ambiguous bases, and (4) mononucleotide
repeats <8 bp. The valid sequences were assigned to operational taxonomic units (OTUs)
at 97% similarity using UPARSE software (version 7.0.1). The SILVA (release 128) and
UNITE (version 7.2) databases were utilized for annotation of bacterial and fungal species
information, respectively. The microbial taxonomic composition was drawn via R package
version 3.2. The soil microbial alpha diversity was evaluated by the - diversity (Chao 1
index, Shannon and Simpson index) indices via QIIME [11,34,35].

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test were
employed to determine the obvious differences in soil physicochemical characteristics
(such as soil pH, TN, TK, and soil enzyme activities, etc.), and the significance level at
p < 0.05 was determined via SPSS 23.0 (IBM, Armonk, NY, USA). The data are presented as
the means =+ standard deviations of triplicate samples. Pearson correlation analysis was
implemented to estimate the relationships between the soil physicochemical characteristics
and the soil microbial composition. All the graphs were generated via Origin 2022 (Origin
Lab, Northampton, MA, USA). Redundancy analysis (RDA) was performed to analyze the
relationships between physicochemical characteristics and the dominant genera in the soil
microbial communities via Canoco 5.0 software [9]. The network visualization was carried
out using Wekemo Bioincloud (https://www.bioincloud.tech/), an online platform for
data analysis.

3. Results
3.1. Elevation-Induced Influences on Soil Properties at Different Soil Depth

The measured soil TN, TP, and TK concentrations varied with elevation from 600 m to
2400 m asl (Figures 2a,b and S2a). The soil TN concentration slightly decreased, whereas the
TP and TK concentrations gradually tended to increase with elevation (Figures 2a,b and S2a).
At the same elevation, the concentrations of TN and TP decreased with increasing soil
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depth, while the trend of the TK concentration was the opposite. The soil N concentration
significantly differed among the different soil layers at the same elevation (p < 0.05). There
were no significant differences between different elevation sites in the same soil layer at
low and middle elevations (<1800 m asl), except at high elevations (>1800 m asl). The TP
concentration did not vary significantly among the different soil layers at the same elevation
when the elevation was less than 1500 m asl, whereas the opposite results were observed
with increasing elevation (>1500 m asl). Similarly, there was a marked difference between
high and low elevations within the same soil layer. In addition, the TK concentration of
the same soil layer at high elevations (>1800 m asl) was remarkably greater than that at
low and middle elevations (<1800 m asl). Interestingly, the TK concentration in the topsoil
layer (0-10 cm) was lower than that in the deep soil layer (20-60 cm) at the same elevation.
The above results revealed that the changes in the TN, TP, and TK concentrations in the
surface soil and at high elevation in the Fanjing Mountain were more drastic than those at
low elevations and in the deep soil layer.

We subsequently measured and analyzed the distribution of the changes in the soil
aggregate size fraction with increasing elevation (Figure S2b). The main soil aggregates of
Fanjing Mountain varied from microaggregates (<0.25 mm) to macroaggregates (>0.25 mm)
in the same soil layer with increasing elevation, and the large macroaggregates (>2 mm) ac-
counted for the largest proportion of the aggregate fraction (66.23%-76.13%) in the 0-10 cm
soil layer. Moreover, the main soil aggregates changed significantly from macroaggregates
(>0.25 mm) to microaggregates (<0.25 mm) with increasing soil depth at the same elevation.
For example, the number of microaggregates (<0.25 mm) significantly increased from
10.79% to 32.64%, 4.87% to 7.89%, and 5.37% to 13.57% at 600-900 m asl, 1500-1800 m asl,
and 2100-2400 m asl, respectively. Overall, with increasing elevation, the ratio of microag-
gregates in the same soil layer decreased and the proportion of macroaggregates increased,
whereas the opposite trend occurred with increasing soil depth at the same elevation.

The soil pH was determined at different elevations 600-2400 m asl below 5.5, with the
lowest soil pH being 4.09 in the topsoil layer (0-10 cm) at the 1800-2100 m asl (Figure S2c).
Specifically, increased elevation did not significantly change the pH, but the soil pH was
slightly acidic and generally increased with increasing soil depth. The average soil EC,
SOC, and CEC concentrations in the 0-60 cm layer fluctuated with increasing elevation; the
highest values were observed at 1500-1800 m asl or 1800-2100 m asl, and the maximum
value was 1.64-3.36 times greater than the minimum value (Figures S2d and 2c,d). More-
over, the soil depth had a notable effect on the soil EC, SOC, and CEC, and their values
in the topsoil layer (0-10 cm) were significantly greater than those in the subsurface layer
(p < 0.05), indicating surface aggregation.

Our results revealed that the activities of soil urease (S-UE), sucrase (S-S), acid phos-
phatase (S-ACP), and catalase (S-CAT) clearly differed with variation at different elevation
sites, and the enzyme activities were significantly greater in the topsoil layer (0-10 cm)
than in the other soil layers (p < 0.05) (Figure 3a—d). Figure 3a shows the activity of soil
urease detected at each elevation. The activity of soil urease was notably greater at sites
1200-1500 m asl and 1500-1800 m asl than at other elevations, and the lowest soil urease
activity was found at 2100-2400 m asl, followed by 1800-2100 m asl. The urease activity of
the surface soil layer was the highest at 1200-1500 m asl, which was 99.65% higher than that
at 2100-2400 m asl. In contrast, the highest soil sucrase activity was observed at 600-900 m
asl, and the lowest value was observed at 1800-2100 m asl, which linearly decreased with
elevation (Figure 3b). Similar to the soil acid phosphatase and catalase activities, the lowest
values were found at 2100-2400 m asl, and the variations in the two enzymatic activities
were not significant at elevations less than 2100 m (Figure 3c,d). These results indicated
that soil enzyme activity was significantly affected by elevation and soil layer.

10
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3.2. Influence of Elevation on Microbial Composition

High-throughput pyrosequencing was used to characterize the influences of elevation
on the alpha diversity of soil microbial communities at different depths in the soil. With
respect to the topsoil layer bacterial richness (Chaol) and «-diversity (Shannon and Simp-
son indices), three indices generally first increased and then decreased with increasing
elevation (Figure 4a—). The highest bacterial Chaol, Shannon and Simpson index values
were found at 1500-1800 m, at 1928.9, 9.60, and 0.9963, and the lowest values of the three
indices were found at 2100-2400 m asl, at 1425.51, 9.03, and 0.9945, respectively. However,
the Shannon and Simpson indices did not obviously differ at the different elevations. For
fungi, the Chaol, Shannon and Simpson indices significantly decreased at 2100-2400 m
asl compared with those 600-900 m asl and 900-1200 m asl and decreased with increasing
elevation (Figure 4f h). Additionally, the x-diversity of the fungal community was more
strongly influenced by elevation than was that of the bacterial community.

The dominant classified bacterial and fungal phyla and genera were chosen to explore
variations in the soil microbial communities at different elevations. Figure 4d shows that
the main bacterial phyla were Acidobacteria, Pseudomonadota, Chloroflexi, Actinobacteria,
and Verrucomicrobia, accounting for 42.51%-50.30%, 29.78%—-40.74%, 1.5%-10.89%, 2.52%—
5.24%, and 2.18%—4.55%, respectively, of the relative abundance of bacterial phyla at
each spot, indicating that the relative abundance of the main bacterial phyla fluctuated
pattern with increasing elevation. At the genus level, the primary bacterial species were
Candidatus Solibacter, Rhodoplanes, and Candidatus Koribacter, which accounted for more
than 22% of the bacterial sequences (Figure 4e). The relative abundances of Rhodoplanes
and Burkholderia first increased but then decreased with increasing elevation. In addition,
the soil fungal communities at all elevations were dominated by Basidiomycota (ranging
from 31.63% to 69.96%), Ascomycota (ranging from 9.78% to 40.35%), unclassified (ranging
from 5.66% to 32.09%), and Mortierellomycota (ranging from 3.51% to 11.20%) at the
phylum level (Figure 4i). Specifically, the relative abundances of Basidiomycota and
Mortierellomycota first increased but then decreased with increasing elevation. At the
genus level, the dominant fungi were Mortierella among Mortierellomycota and Russula,
Sebacina, and Inocybe among Basidiomycota (Figure 4j).

3.3. Relationships Among the Microbial Community, Enzymatic Activity, and Characteristics of
the Soil

The partial Mantel test was conducted to evaluate the main variables driving the
changes in the soil microorganism structure, soil enzyme activity, and soil physicochemical
properties (Figure 5a). We found that the TK, SC, SACP, and SCAT were the determining
factors of the soil bacterial communities at the different elevation sites (Figure 5a). Although
these soil physicochemical characteristics had no remarkable influence on the soil fungal
communities, pH, EC, SA5, and SOC had a marginal influence on the fungal community
structure. Furthermore, Pearson correlation analysis was performed on the soil properties,
revealing that pH, SUE, SC, SACP, SCAT, and SA 5 were positively correlated with TN; TK,
EC, CEC, and SA;; were positively correlated with TP; and SOC was positively correlated
with CEC (Figure 5a). Interestingly, there were positive correlations between SUE, SC,
SACP, and SCAT. Moreover, TN was strongly negatively correlated with TP, TK, EC, and
SA;;; EC was notably negatively correlated with pH, SUE, SC, and SA( 5; and CEC was
strongly negatively correlated with the activities of the four soil enzymes. In addition, pH,
SUE, SC, SACP, and SA( 55 were significantly negatively correlated with TP.

12
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13



Forests 2024, 15, 1980

@

SA1
SA0.5

o[l

[ | *JESAN

3 (80

B8

Ej!ET O LLSAO.ZS

o ([HIE

soc

SACP
SCAT

[ [

| |
- SA21

SA5
SA52

SA1

02 (7] sA0s

25 SA0.25

N

(b)
Rhodoplanes

Candidatus_Solibacter -
Burkholderia
Ralstonia

Candid. Xiphi 2,

Mantel's p
— <001
— 0.01-0.05
— >=00s

Test P-value: NA

_Alp

Nitrosotalea %,

™
TK
pH
EC
soc

ALY AN

Pedosphaera &, ¢

Pedomicrobium
Reyranella
Allobaculum

=
(c) Trichoderma\ °
Solicoccnzyma\ g
Byssonectria\

Pochonia \ / :

Tolypocladium \ g

soc
CEC

2. 777

o
i D

Candidatus_Koribacter

CEC
SUE
SC
SACP
SCAT
SA5
SA52
SA21
SA1

J snos

I /PN

sc
SCAT
SA5
SA52
SA21
SA1
SA0.5

9988

Test P-value: NA

0.02

PC 2 (21.7%)
o
E}

-0.02

Sebacina

unclassified

RDA2 [20.76%)
RDA2 [17.82%]

A Russula

~0.02

0.00 0.02 0.04 0.06 0.08

—0.5

-1.0 -0.5 0.5

0.0
PC1(28.3%) RDAL [60.73%]

0.0
RDA1 [42.02%]

Figure 5. Mantel test of soil bacteria and fungi with respect to soil physicochemical characteristics
at different elevations. (a). Pearson correlations between predominant bacterial (b) and fungal (c)
genus and soil physicochemical characteristics at different elevations. PCA analysis of soil bacteria
community in different elevations (d). RDA between elevation and soil properties (blue arrows)
and the predominant (relative abundance) bacterial (e) and fungal (f) genus (red arrows) in Fanjing
Mountain. Note: SAs, soil aggregate (>5 mm); SAs, soil aggregate (5-2 mm); SAy1, soil aggregate
(2-1 mm); SA1, soil aggregate (1-0.5 mm); SA 5, soil aggregate (0.5-0.25 mm); SA »5, soil aggregate
(<0.25 mm); SUE, soil urease; SC, soil sucrase; SACP, soil acid phosphatase; SCAT, soil catalase.
*p<0.05, *p<0.01,**p <0.001.

The Pearson correlations between the soil microbial communities at the genus level and
the soil property indices are shown in Figure 5b,c. For the bacterial communities (Figure 5b),
we observed that TN was significantly positively correlated with the relative abundances of
3 bacterial genera, Candidatus Solibacter, Ralstonia, and Candidatus Xiphinematobacter; TK was
positively correlated with Nitrosotalea and Pedosphaer; and TN was negatively correlated
with these genera. Ralstonia, Candidatus Xiphinematobacter, and Allobaculum were positively
related to SC and SCAT. Similarly, the SUE was positively correlated with Candidatus
Solibacter, Burkholderia, Candidatus Xiphinematobacter, and Pedomicrobium but negatively
correlated with Nitrosotalea and Pedosphaer. However, Candidatus Xiphinematobacter was
negatively correlated with TP, EC, CEC, and SAjy;. TK was negatively correlated with the
relative abundance of Burkholderia. In addition, for the fungal communities (Figure 5c), TN,
SUE, and SACP were negatively correlated with Trichoderma, Solicoccozyma, Byssonectria,
and Pochonia, whereas TP was significantly positively related. Pochonia was positively
correlated with TK, and CEC was positively correlated with Byssonectria. In general, some
soil physiochemical factors, such as TN, pH, SA1, etc., were positively correlated with soil
enzyme activity, whereas other factors, such as TP, EC, SOC, etc., were negatively correlated,
and they were both positively and negatively correlated with soil microorganisms.
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Further insight into the difference of soil microbial community at different elevations
was gained through principal component analysis (PCA); two principal components of
soil bacteria and fungus were extracted, and the total interpretation was 50.0% and 50.9%,
respectively (Figures 5d and S3). PCA analysis results showed that soil microbial commu-
nity structure was more dispersed at high elevation than at low elevation. In addition, to
further evaluate the remarkable environmental factors affecting the dominant genera in the
microbial communities, a redundancy analysis (RDA) was conducted (Figure 5d,e). Ac-
cording to the RDA, the first axis was closely related to pH, SA;, SUE, EC, and SAsp, which
explained 60.73% of the total variation in the soil bacterial community structure. However,
the second axis was related primarily to SACP, SOC, SA0.25, and SC and explained 20.76%
of the variation. SC, SOC, TK, SAg5, and SACP were significant factors influencing the
bacterial community (Figure 5e). Meanwhile, axis 1 and axis 2 represented 42.02% and
17.82% of the total variation in the soil fungal community composition, respectively, and
SAj, SAs, SUE, TK, SOC, and SCAT had substantial influences on the fungal communities
(Figure 5f).

4. Discussions

The Fanjing Mountain is in a representative karst rocky desertification region in South-
west China [28,31] and is a considerable part of terrestrial ecosystems. In the present study,
we investigated how elevation influences soil physiochemical characteristics, soil enzyme
activities, and corresponding changes in soil bacterial and fungal community composition
on the western slopes of Fanjing Mountain at elevations ranging from 600-2400 m. These
changes obviously differed with the alteration in spatial scale.

4.1. Soil Characteristics and Enzymatic Activities with Elevation

Soil characteristics are shaped primarily by climate, organisms, parent material, and
elevation, probably by regulating soil biogeochemical cycles, which influence plant growth
and development, and plant-associated microbiota [1,23,25,36-38]. This study revealed
a significant decrease in the soil TN concentration with increasing elevation on Fanjing
Mountain, which may be related to elevation changes in soil temperature and precipitation,
affecting nitrogen mineralization and inorganic nitrogen production [5,19]. The soil TP and
EC concentrations had generally tended to increase with increasing elevation. Moreover,
the soil TK and CEC concentrations did not markedly change with elevation. This difference
might be associated with changes in the natural environment of Fanjing Mountain, which
could influence litter decomposition, the degree of soil weathering, and other inputs into
the soil to some degree [21,39]. In addition, we found that the soil pH and SOC usually ex-
hibited a single-peaked model with increasing elevation. The changes in the characteristics
of pH and SOC could be ascribed to one reason: the study area is situated in a mountainous
area, where the plants are flourishing and the vegetation coverage rate is high, and a thick
litter, as the primary source of soil nutrients, accumulates largely in the topsoil. A decrease
in temperature because elevation decreases soil evaporation and the soil respiration rate,
leading to changes in pH and SOC concentrations [3,5,40]. Importantly, we found that
the aforementioned results decreased with increasing soil depth, except for the soil pH.
These differences might be associated with differences in organic matter input, nutrient
availability, climate type, and litter decomposition [41]. Previous studies have reported
inconsistent soil physiochemical property patterns at various elevations [20,21,39]. Overall,
these results might reveal a different influence of elevation on soil characteristic factors.

The activity of soil enzymes is an important indicator of the health status and microbial
activity of a soil, and these enzymes are prone to fast turnover and high susceptibility to
quick responses to variations in elevation and the soil environment [42—44]. In this study,
we observed a significant effect of elevation on S-UE, S-S, S-ACP, and S-CAT, with the low-
est values occurring from 2100-2400 m asl, whereas there was no significant difference in
S-ACP and S-CAT and a slight increase in S-UE at elevations ranging from 600-2100 m asl.
The results are consistent with this hypothesis, and these results have both similarities and

15



Forests 2024, 15, 1980

differences with those of previous studies [42,45,46]. This discrepancy could be caused by
the diverse vegetation cover, plant root exudates, and climatic regimes at specific elevations
because soil enzyme activities are very susceptible to environmental signals [17,22,24,27].
In addition, we observed that soil enzyme activity decreased with increasing depth in
the soil layer at the same elevation, which was in accordance with the results of previous
studies [27,46]. This might be because of the abundant litter return, good hydrothermal,
and aeration conditions at the soil layer surface, which provide an appropriate living envi-
ronment and many nutrient substances for microorganism growth; meanwhile, microbial
metabolism is vigorous, leading to a relatively high active matter concentration [46,47].
Additionally, elevation directly affects the changes in soil enzyme activities by affecting
soil characteristics, such as pH, SOC, and soil aggregates. In summary, elevation has a
profound effect on soil physicochemical characteristics and enzyme activity in Fanjing
Mountain, and this effect also plays a crucial role in the formation of soil microbial diversity
and the shaping of ecological functions in Fanjing Mountain.

4.2. Differential Responses of Microbial Structures Across Elevation Sites

Here, we researched soil microbial diversity and community structure at different
elevation sites. Although the trends in bacterial and fungal abundance and diversity
exhibit single-peak patterns with elevation, the trends in bacterial diversity were not
significant at all elevations, which might indicate that elevation does not directly affect
bacterial diversity but has an indirect influence via other environmental factors [5,12]. These
results support our hypothesis that there is a strong elevational influence on microbial
diversity, especially fungal diversity. Our results were similar to those of several previous
studies, for example, at different elevation sites on Mount Kilimanjaro in East Africa
and Sygera Mountain (Tibet, China) [30,35]. However, Yang et al. [41] reported that the
alpha-diversity and fungal richness of soil bacteria first decreased and then increased
with elevation in southern Himalaya. This is likely because the relative contributions of
elevational influences on microbial diversity rely primarily on their relative effects on the
soil environment. Additionally, the soil bacterial diversity was greater than the fungal
diversity. These findings are in line with those of Yang et al. [41], who suggested that
the different microbial niches in the Fanjing Mountain differ with elevation. In brief, the
inconsistency of soil microbial diversity patterns at different elevation sites may be due to
varying environmental factors induced by elevation.

The dominant phyla of the soil bacterial communities along the elevational gradient
were the same, consisting of Acidobacteria, Pseudomonadota, and Chloroflexi. This finding
is basically consistent with those of previous studies [3,7,41]. Several previous studies
have shown that Acidobacteria are oligotrophic bacteria that can degrade complex lignin
and cellulose and provide nutrients for the soil [34]. Pseudomonadota contain a variety
of metabolic nitrogen-fixing bacterial species and are involved in a variety of biochemical
cycles [35]. These results suggested that the bacterial populations of these phyla have
strong adaptability. In addition, for fungal communities, the dominant fungal phyla were
Ascomycota and Basidiomycota, with Ascomycota accounting for greater relative abun-
dance at higher elevations and Basidiomycota accounting for greater relative abundance
at lower elevations. Previous studies have demonstrated that Basidiomycota have the
capacity to degrade aliphatic/protein and Ascomycota are common saprophytic bacteria
in soil that can decompose refractory organic matter and play a considerable role in the soil
nutrient cycling process and the function and stability of soil microorganisms [3,35]. We
speculate that the advantage of Basidiomycota at lower elevations could be correlated with
their capacity to degrade complicated lignocellulose components because the vegetation
species structure at relatively low elevations is more complicated and the soil litter layer
is thicker in Fanjing Mountain. In contrast, Ascomycota can utilize more resources and
are more resistant to environmental pressures, increasing its survival benefit at high eleva-
tions [5,35]. Together, these results indicated that, to a large extent, elevation determined
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the soil microbial diversity and community composition, which could be one of the reasons
for the complex biodiversity of Fanjing Mountain.

4.3. Effects of Soil Properties on the Soil Microbial Community

Many studies have investigated the relationships among soil physiochemical charac-
teristics, soil enzyme activity, and soil microbial communities, but there is no consensus
on this pattern or a consistent understanding of the factors driving it [21,31,45]. On the
basis of the results of the Mantel test and RDA, TK, SC, and SACP strongly influenced the
bacterial community composition, and TK, SA;, SUE, and SOC substantially influenced the
fungal community at the different elevation sites. Several previous studies have shown
the alterations in TK and SOC could be affected by litter input and vegetation productivity,
which likely shape the distinct microbial communities by supplying various resources for
microbial growth [5,34,35]. In addition, our results also demonstrated that soil enzyme
activity and soil aggregates can influence microbial community composition, to some
extent, which is in line with the results of previous studies [11,42,48].

Generally, elevation strongly influences climatic properties (e.g., temperature and
precipitation), therefore indirectly affecting soil microbial community composition [6,12,48].
Moreover, the variation in soil nutrients attracted by an increase in elevation may influence
the soil microbial community structure indirectly [49,50]. Moreover, temperature is closely
connected with soil enzyme activities and litter decomposition; thus, the influences of ele-
vation on soil microbial diversity and communities can be reflected indirectly by alterations
in soil characteristics (e.g., SOC, soil nutrients, and enzyme activity). Our findings provide
a theoretical basis for protecting Fanjing Mountain ecology, vegetation restoration, and
soil management. However, the primary limitation of the present work is that the narrow
observable results obtained from this small-scale elevational study might not be applicable
for large-scale elevational studies; thus, further investigations are needed.

5. Conclusions

This study revealed the different responses of soil properties and the microbial com-
munity along a continuous elevational gradient (600—2400 m asl) on Fanjing Mountain.
Elevation significantly affects soil characteristics and enzyme activities, especially at the
highest elevation. With increasing soil depth, they tended to decrease, resulting in surface
aggregation. In addition, the soil bacterial and fungal community diversity presented
a single-peak pattern with elevation. The predominant bacterial species were the phyla
Acidobacteria, Pseudomonadota, and Chloroflexi and the genus Candidatus Solibacter, and
Rhodoplanes. The phyla Basidiomycot and Ascomycota and the genus Mortierella, Russula,
and Sebacina dominated the fungal communities. The soil SOC, TK, and enzyme activities
(SC, SUE) were the main factors that drove the elevational distribution of the microbial
communities. The soil microorganism community composition varied greatly among the
elevations. The results of this study contribute to the understanding of the interactions
among soil properties and microorganisms with increasing elevation, which provides
insights into the influence of elevation on soil characteristics, microbial diversity, and
communities in the Fanjing Mountain Forest ecosystem. In the future, we need to study
how climate change will affect Fanjing Mountain ecosystems and continue to track the
relationship between biological indicators and environmental change.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/f15111980/s1, Figure S1: Soil profile at different elevations;
Figure S2: Soil properties under the different elevation gradient. TK: Total potassium, EC: Electrical
conductivity. Different capital letters indicate significant differences between different elevations in
the same soil depth according to Tukey’s HSD test. Different lowercase letters indicate significant
differences between different soil depth in the same elevations. Bars indicate standard errors (+SE,
n = 3); Figure S3: PCA analysis of soil fungi community in different elevations.
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Abstract: The ecological stoichiometric characterization of plant and soil elements is essential for
understanding the biogeochemical cycles of ecosystems. Based on three forest ages of Pinus taiwanensis
Hayata (P. taiwanensis) plantations in the Gujingyuan National Nature Reserve (i.e., young (16 years),
middle-aged (32 years), and mature forests (50 years)), we conducted a field experiment to analyzed
C, N, and P stoichiometry and the relationships between needles, litter, soil, and micro-organisms
in P. taiwanensis plantations. We intended to elucidate the nutritional characteristics and stability
mechanisms of the artificial P. taiwanensis forest ecosystem. The results showed that the C contents of
live needles, leaf litter, soil, and micro-organisms in P. taiwanensis plantation forests of the three forest
ages were 504.17-547.05, 527.25-548.84, 23.40-35.85, and 0.33-0.54 g/kg, respectively; the respective
N contents were 11.02-13.35, 10.71-11.76, 1.42-2.56, and 0.08-0.12 g/kg; and the respective P contents
were 0.82-0.91, 0.60-0.74, 0.19-0.36, and 0.03-0.06 g/kg. Forest age significantly influenced both the
C, N, and P contents in live needles, leaf litter, soil, and micro-organisms as well as stoichiometric
characteristics (p < 0.05). Furthermore, although the litter N:P content was comparable to that of
needles, the ratios of C:N and C:P in the litter were notably higher compared to those in needles. Soil
C:P and N:P ratios were the highest in mature forests while microbial C:P and N:P ratios continuously
decreased. Stoichiometric analyses of our findings suggest that forest stand age can influence
divergent changes in element cycling among plants, soil, and micro-organisms. The presented results
can aid in further understanding nutrient utilization strategies and regulatory mechanisms for P.
taiwanensis plantation forest systems.

Keywords: Pinus taiwanensis Hayata; stand age; ecological stoichiometry; plant-soil continuum;
Dabie Mountains

1. Introduction

Ecological stoichiometry is an emerging ecological tool for studying the balance and
cycling of multiple elements, providing an integrated approach for studying the coupling
of C, N, P, and other elements in ecosystem processes [1,2]. Combining biological studies
from different fields, taxa, and scales has been widely utilized to reveal the functions and
roles of nutrient ratios and the regulatory mechanisms of ecosystem components for the
assessment of nutrient availability in various ecosystems [3,4]. For the forest ecosystem,
studies on ecological stoichiometry coupling have focused on various study areas, forest
types, successional stages, or the above- or below-ground aspects (e.g., plants, litter, and
soils) of nutrient cycling [5-9]. For example, the leaf nutrient content status better reflects
the capacity of the soil to provide essential elements to plants and gradually return them
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to the soil as litter. In contrast, the soil influences nutrient uptake and leaf stoichiometric
characteristics through nutrient availability, transformation, and release [5,10-12]. The eco-
logical stoichiometric characteristics of soil microbial biomass intuitively reflect microbial
retention and the utilization of soil nutrients [13]. Meanwhile, the ratios of C, N, and P
in plants and soils are pivotal in determining the composition and structure of microbial
communities [14]. The interactions between plant nutrient demand, soil nutrient supply,
plant self-regulation, and nutrient return during litter decomposition increase the com-
plexity of nutrient content studies along the plant-litter—soil continuum [15]. Therefore, it
can be observed that the systematic study of plant-litter-soil-microbial stoichiometry is of
paramount importance in elucidating the processes and mechanisms underlying nutrient
cycling within terrestrial ecosystems.

Previous studies have demonstrated that the forest microenvironment is continually
evolving with age [16]. As the age of a forest changes, its internal environment, com-
positional structure, and soil properties are altered, thus affecting patterns of nutrient
partitioning [17,18]. Numerous scholars have examined the associations among forest C,
N, and P contents; their respective stoichiometric characteristics; and stand age, yielding
innumerable findings. The effects of stand age and stand structure on soil micro-organisms,
enzyme activities, and nutrient contents have been reported for Mediterranean black pine
(Pinus nigra Ar. ssp. salzmannii) [19]. In a study, the leaf, root, and soil stoichiometric prop-
erties were characterized across different shrub ages of Ammopiptanthus mongolicus, and
it was found that P may act as a restrictive element for the growth of plants and recovery
processes in ecosystems inhabited by Ammopiptanthus mongolicus populations [20]. The
dynamics of C, N, and P concerning stand age and spatial distribution contribute to the spa-
tial and temporal patterns of C-N-P stoichiometric characteristics in forest ecosystems [12].
However, the precise impact of forest stand age on plant—soil-microbial C:N:P stoichiome-
try changes remains elusive. Therefore, employing the principles and methodologies of
ecological stoichiometry to examine the stoichiometric ratios of C, N, and P in plant and
soil components within forest ecosystems, along with an exploration of the sources of plant
nutrients within the soil nutrient cycle and the equilibrium constraints between them, is
crucial for enhancing the precision of local forestry management practices [21,22].

Pinus taiwanensis Hayata is an essential tree species distributed in the mountainous
regions of the southeast coast and the subtropical eastern regions of China, including
Henan, Jiangxi, Zhejiang, and Anhui. This species possesses significant economic, eco-
logical, and social value [23]. As a dominant tree species at high altitudes, P. taiwanensis
fulfills an ecological successional function that is unparalleled among other coniferous
forests in harsh climatic and impoverished soil environments [24]. Numerous studies have
been conducted regarding the classification, geographic distribution, genetics, population
ecology, physiology, biochemistry, and wood anatomy of P. taiwanensis [25-27]. In recent
years, eco-chemometric studies of the plant-soil continuum under artificial management
have emerged as a research hotspot at the regional scale [28]. Some scholars have compared
the characteristics of soil nutrient distributions and the primary drivers of soil nutrients in
P. taiwanensis forests located at varying altitudes [29,30]. However, relatively few studies
have concentrated on the plant-soil-microbial C:N:P nutrient content and stoichiometry of
P. taiwanensis at varying ages. Therefore, we chose the young, middle-aged, and mature
stands of P. taiwanensis in the Gujingyuan National Nature Reserve, in the Dabie Mountains,
and analyzed the C, N, and P contents and their stoichiometric ratios in needles, litter, soil,
and micro-organisms to deepen our insight on the strategies of nutrient utilization of C,
N, and P in P. taiwanensis plantation ecosystems of varying stand ages, thereby providing
a scientific basis for their sustainable management. The research questions we aimed to
address were as follows: (1) How do the C, N, and P nutrient contents vary across forest
ages? (2) Do the biochemical stoichiometric characteristics and nutrient contents of the four
fractions of C, N, and P align with changes in the stand age?
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2. Materials and Methods
2.1. Overview of the Study Area

The research site was positioned in the Gujingyuan National Nature Reserve, Yuexi
County, Anging City, Anhui Province (Figure 1), in the southeast of the Dabie Mountains,
with an altitude of 210 to 1465 m. The geographic coordinates are 116°25'02"-116°33/23" E
and 30°56'43"-31°07'37" N, spanning a north-south width of 20.02 km and an east-west
length of 13.25 km, covering a total area of 7904.3 hectares. The study region is typified by a
northern subtropical mesic monsoon regime, exhibiting a mean annual thermometric mean
of 14.4 °C, a median annual precipitation of 1445.82 mm, an average annual evaporation
of 1444 mm, a normative annual frequency of precipitation events at 147 days, and a
vernalization-free period ranging from 180 to 220 days. The soil matrix is primarily
composed of hemp gravel, hemp sand, and hemp clay. Pinus taiwanensis is the most
prevalent species in the region, which is often mixed with broad-leaved forests to form
mixed conifer and broad-leaved forests [31].
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Figure 1. Geographic location of the study area. The study region is located in Gujingyuan National
Nature Reserve, Dabie Mountainous Region, China. Different shapes represent different P. taiwanensis
stand age groups.

2.2. Sample Site Settings

In early July 2023, based on a field survey, three forest age classes of P. taiwanensis
forests were selected in the Gujingyuan National Nature Reserve, namely, young (16 years),
middle-aged (32 years), and mature (50 years) forests, and three 20 m x 20 m sample plots
were established corresponding to each forest age class. The distance between the sample
plots was not less than 1 km. The per-tree checking was conducted on the P. taiwanensis
trees in the sample plots with the average tree height, DBH, and stand density measured,
and also, the vegetation status under three forests was investigated (Figure 2). As P.
taiwanensis is typically encountered in arid and barren mountainous regions, thriving in
diverse environments across high-elevation gradients, the understory vegetation is seldom
herbaceous. Coniferous forests possess smaller canopies, allowing sunlight to penetrate
the understory more directly, fostering a conducive environment for shrub growth. The
survey revealed that the young forest sample maintained an open structure, abundant
with shrub plants and ample light. Conversely, mature forests exhibited a lower richness
of understory vegetation. The main tree species in the understory include Lindera glauca,
Lindera reflexa, and Quercus serrata, among others. Basic information on the three forest age
classes is shown in Table 1.
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Figure 2. Conditions of three experimental sites. (a—c) show the three stand profiles of young,
middle-aged, and mature-age forests, respectively.

Table 1. Basic information and variables of standard plots in different age groups.

Soil Layer
Forest Type (010 cm)
. Mean Mean Stand Mean .
Forest Type Age Alz:;de Me;(a:m]?BH Height Density Canopy pH Mo({;t)ure
(m) (trees-ha—1) Density °

Young Forest 16 1208.8 11.12 £ 0.33 9.44 + 040 533 0.83 +0.03 5.43 +0.17 25.72 +1.53
Middle-aged Forest 32 1234.5 18.06 + 0.17 13.39 + 048 500 0.64 £ 0.04 5.67 £ 0.16 25.39 £ 0.99
Mature Forest 50 12415 28.22 +0.55 15.31 £ 0.62 470 0.59 4+ 0.03 5.60 + 0.18 26.29 +1.12

Mean values + standard errors are shown.

2.3. Sample Collection and Determination

Five average trees were chosen as the standard trees in each mature-age plot. Healthy
and mature live needles were collected from the middle and upper crowns of each tree,
evenly distributed across the east, west, south, and north directions, using high-branching
scissors. In three plots of each forest age class, five 2 x 2 m litter traps were set up at the
four corners and centers to collect litter. The collected samples were thoroughly mixed
and placed in a paper bag. Firstly, live needle samples were killed at 105 °C for 30 min to
inactivate the enzymes in the needles for a short period of time, then the temperature was
reduced to 70 °C to remove the water from the needles until a stable weight was attained.
Subsequently, the needles and litter samples were ground into a powder with a particle
size of 0.15 mm to ascertain the C, N, and P contents. Concurrently, soil samples were
collected beneath the same trees where coniferous litter was gathered; in particular, 5 soil
specimens were gathered from the uppermost 0 to 10 cm of the topsoil stratum using a soil
drill in each square. These soil samples were thoroughly mixed. One part was air-dried
and screened with a 0.25 mm sieve to determine soil C, N, and P contents while the other
part was sieved and stored at 4 °C to assess soil microbial C, N, and P.

The total plant (needles and litter) and soil organic C contents were assessed with a
revised Walkley—Black acid dichromate (FeSO,) exothermic titration method [32]. Plant
total N and soil total N contents were determined according to the Kjeldahl method after
digestion with HySO,4 and HyO,. The P content was also ascertained through the molyb-
denum anti-colorimetric method [33]. Moreover, the chloroform fumigation extraction
method was employed to evaluate the soil microbial biomass C, N, and P contents. The
microbial C and N contents were derived through comparing the unfumigated and fumi-
gated soil samples. A colorimetric determination of microbial P was carried out using UV
spectrophotometry [34].
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2.4. Data Analysis

Excel 2019 was utilized to organize the experimental data. One-way ANOVAs were
conducted for the live needle, litter, soil, and soil microbial C, N, and P contents, along
with the stoichiometric ratios of P. taiwanensis across different ages using SPSS 27.0 (IBM
Corp., Armonk, NY, USA). The least significant difference (LSD) test was employed at a
95% confidence interval (p < 0.05) to assess whether the sample means differed significantly
from a normal distribution, and the mean + standard deviation values have been utilized
in the graphical representations. Pearson correlation coefficient assessment was conducted
to ascertain the interrelationships among C, N, and P in plant and soil samples and their
respective ecological stoichiometric proportions. The results were depicted graphically
utilizing Origin 2021 software (OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. C, N, and P Contents in Live Needle, Leaf Litter, Soil, and Microbial Communities Across
Different Forest Ages

The C, N, and P contents of P. taiwanensis forests exhibited a pattern of live needle > leaf
litter > soil > micro-organisms, except for the leaf litter C content being greater than that
of needle C (Table 2). Firstly, the live needle, leaf litter, soil, and microbial C contents in
different P. taiwanensis plantations ranged from 504.17 to 547.05, 527.25 to 548.84, 23.40
to 35.85, and 0.33 to 0.54 g/kg, respectively. An analysis of variance (ANOVA) revealed
that the C contents of all the four fractions varied significantly across different stand ages
(p < 0.05). With the advancement of forest age, the needle and litter C contents reduced first
and then increased and exhibited an inverted U-shaped trend. However, the soil C content
continued to decline, and the microbial C content was also highest in the young forests.

Table 2. Chemical properties of C, N, and P contents in live needles, leaf litter, soil, and micro-
organisms of P. taiwanensis plantations across different age groups.

Chemical

Properties Diffe'rent Young Middle-Aged Mature
(g/kg) Fractions Forest Forest Forest
Live needle 504.17 £ 5.72b 547.05 £ 6.012 543.84 £ 5.76 2
C Leaf litter 535.66 + 4.94 b 548.84 £ 8.002 527.25 + 598 b
Soil 35.85+1.452 25.16 +2.02b 23.40 + 0.58P
Micro-organisms 0.54 +£0.0184 0.33 £0.012°¢ 0.36 + 0.007 °
Live needle 11.02 £ 046° 12.26 £0.292 13.34 £0.59 2
N Leaf litter 10.71 £ 045°b 11.03 £ 0.35P 11.76 £0.352
Soil 2.56 +0.122 142 +0.22P 1.53 +£0.11°
Micro-organisms 0.12 +£0.004 @ 0.09 +0.014 P 0.08 + 0.019°
Live needle 0.85 +0.02b 0.92 +0.152 0.82 +£0.07b
P Leaf litter 0.74 £0.042 0.60 +0.01P 0.70 £ 0.012
Soil 0.36 +£0.0224 0.23 +0.025P 0.19 +0.014 P

Micro-organisms 0.03 +0.002 ® 0.05 £ 0.009 @ 0.06 £+ 0.002 2

Different superscript lowercase characters denote statistically significant (p < 0.05) variations in the C, N, and
P contents within needles, litter, soil, and micro-organisms across various stand age categories. Live needles,
leaf litter, and soil were collected from each sample plot for each of the three stand ages, with five replicates per
sample plot.

Then, the N contents of P. taiwanensis plantations were in the ranges of 11.02 to
13.34,10.71 to 11.76, 1.42 to 2.56, and 0.08 to 0.12 g/kg for needles, litter, soil, and micro-
organisms, respectively. The N contents of needles, leaf litter, and micro-organisms differed
significantly among forest ages (p < 0.05). The age of the forest exerted a comparable
influence on the N content in the needles and litter of P. taiwanensis; mature forests showed
the highest level of N in their needles and litter. However, soil N content exhibited a
U-shaped trend with an increasing stand age, and the highest levels of soil and microbial N
contents were found in the young forests.
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Moreover, the needle, litter, soil, and microbial P contents of three P. taiwanensis
plantations in the study area were 0.82 to 0.92, 0.60 to 0.74, 0.19 to 0.36, and 0.03 to
0.06 g/kg, respectively. The P contents of needles, litter, soil, and micro-organisms differed
significantly among forest ages (p < 0.05). In particular, the needle P content was also
showed an inverted U-shaped trend, with the needle P content being higher in middle-
aged forests compared to young and mature ones. Leaf litter and soil P contents were
highest in young forests while microbial P content was highest in mature forests.

3.2. Ecological Stoichiometric Ratios Among Needles, Leaf Litter, Soil, and Micro-Organisms in
Different Stand Ages

The C:N, C:P, and N:P ratios across the four distinct fractions revealed the order to
be leaf litter > live needles > soil > micro-organisms, and the differences between the four
pools were significant (p < 0.05). The effects of forest age on the four fractions of C:N, C:P,
and N:P were not uniform. The values of C:N for live needles, litter, soil, and microbes
in P. taiwanensis plantations were 40.81 to 45.79, 44.86 to 50.08, 14.01 to 17.91, and 3.53 to
4.58, respectively (Figure 3). The C:N ratios of needles and litter in mature forests differed
significantly from those in young and middle-aged forests (p < 0.05); both litter and needle
C:N decreased with an increasing stand age. Meanwhile, variations in soil C:N ratios were
observed across the three forest age classes, and soil C:N reached its highest value and
microbial C:N reached its lowest value in the middle-aged forest.
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Figure 3. Stoichiometry of live needle, leaf litter, soil, and microbial C:N (A), C:P (B), and N:P (C) in
P. taiwanensis plantations of different ages. Capital letters (A, B, C, D) denote substantial variations
(p < 0.05) among needles, leaf litter, soil, and micro-organisms at the same stand age; lowercase
letters (a, b, c) signify significant differences (p < 0.05) across various stand ages within the same
research component.
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The needle, litter, soil, and microbial C:P ratios of P. taiwanensis plantations within the
study region were in the ranges of 593.97 to 667.24, 724.15 to 911.71, 94.70 to 125.56, and
5.99 to 19.26 g/kg, respectively. The effects of forest age on needle, litter, soil, and microbial
C:P ratios were all significant (p < 0.05); leaf litter C:P was significantly higher than needle
C:P; microbial C:P decreased with an increasing forest age and had a highest level in young
forests compared to middle and mature forests.

The N:P ratios of the needle, litter, soil, and micro-organisms of P. taiwanensis plan-
tations were 12.98 to 16.36, 14.45 to 18.32, 6.27 to 7.14, and 1.35 to 4.36 g/kg, respectively.
The effects of different forest ages on needle, litter, soil, and microbial N:P ratios were also
significant (p < 0.05). The needle N:P ratio continued to increase while stand age advanced,
and the microbial N:P diminished. The N:P ratio in needles was highest in the mature
forest stage while it was highest in the middle-aged forest for the leaf litter.

3.3. Correlation of Factors in Different Fractions of P. taiwanensis Plantation Forests

The ecological stoichiometry of C, N, and P in the needles, litter, soil, and microbiota of
P. taiwanensis plantations exhibited strong correlations (Figure 4). As the results showed, the
needle C and N contents exhibited a strong, significant correlation with soil and microbial
C, N, and P values. The leaf litter N showed a significant correlation with microbial and
soil P, and leaf litter P was significantly correlated with microbial C content and soil N.
Meanwhile, there was a highly significant correlation between soil C, N, and P contents
with microbial C, N, and P contents (p < 0.01). For the ecological stoichiometric ratios, the
needle C:N was significantly and positively correlated with leaf litter C:N (p < 0.05), and
the needle C:P and N:P ratios displayed highly significant correlations (p < 0.01) with the
litter C:N ratio. Additionally, there was a notably inverse relationship between litter N:P
and microbial C:P and N:P (p < 0.01), and the litter C:N ratio was significantly associated

with soil N:P, while the litter C:P ratio showed a significant correlation with both microbial
and soil C:N ratios (p < 0.05).
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Figure 4. Stoichiometric relationships in the plant-soil continuum of four components: needles, leaf
litter, soil, and micro-organisms. Correlations between live needle, leaf litter, soil, and microbial C, N,
and P contents and ecological stoichiometric ratios in P. taiwanensis plantations are shown. Symbols *
and ** indicate correlations of significance at the 0.05 and 0.01 probability levels, respectively.
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4. Discussion
4.1. Changes in Live Needle, Leaf Litter, Soil, and Microbial CNP Contents with Forest Age

The circulation of elements C, N, and P is a crucial element influencing the functionality
of forest ecosystems [3]. Most previous studies have shown that the C, N, and P contents
of plants and their ecological stoichiometric ratios vary with forest age, with different
patterns of change being influenced by forest age [18]. In this research, needle C, N, and
P contents were significantly influenced by the stand age, suggesting variations in the
ecological adaptations of the plants across different developmental stages [35]. The mean
value of C content in P. taiwanensis needles in this study area exceeded the global mean C
content for terrestrial plant leaves [36], indicating that the content of organic compounds
synthesized by P. taiwanensis needles was high. Meanwhile, the mean value of N content in
P. taiwanensis needles was significantly lower than the mean value in leaves of terrestrial
plants in China [37] and the mean value in leaves of plants globally [36]. Furthermore, the
mean value of P content in live needles was significantly lower than the mean value in land
plant leaves [37]. All these results indicated that the distribution pattern in the live needle of
P. taiwanensis was “high C, low N and P”, consistent with the findings of Ashfaq [38]. This
pattern may be related to the characteristics of the tree species as conifers typically have a
high C content and low N and P contents [39]. The growth rate of P. taiwanensis gradually
increases in the middle-aged stage, thus increasing dry matter synthesis, and more rRNA is
required for protein synthesis [40]. In stands ranging from young to mature, leaf C contents
in middle-aged forests were higher, indicating that middle-aged stands have higher leaf
organic matter content and greater C storage, compared to other stand ages. The reason for
this phenomenon may have been the influence of plant age on photosynthesis [41]. On the
other hand, litter acts as the hub connecting vegetation and soil and is the primary way in
which plants return nutrients to the ecosystem [42]. The litter P content was lower than
the global averages for senescent leaves while the C and N contents were higher [43]. The
trends in leaf litter content and live needle C and N contents with an increasing stand age
were consistent, indicating a close relationship between the P. taiwanensis litter and needles.
However, the influences of forest age on the needle and litter C, N, and P contents were
not uniform, suggesting that forest age had a non-uniform influence on their variability.
Nevertheless, both are significantly influenced by the age of the forest.

The C, N, and P contents of the soil are affected by changes in soil physicochemical
properties and the return of apoplastic nutrients [44]. According to the stoichiometric
values in this study, C and N contents in 0-10 cm soils were high, compared to national
levels, while the P content was low [45]. This imbalance further led to soil C:N:P stoi-
chiometry alterations as the C and N accumulation rate is usually faster than that of P [46].
Additionally, there was a general decline in soil C, N, and P contents as the forest age
progressed. This suggests a specific degree of soil degradation by P. taiwanensis in this area,
consistent with the study by Zeng et al. on Larix gmelinii (Rupr.) [47]. The reason may be
that as a plant grows, the roots draw nutrients from the soil and store them in the trunk and
leaves [48]. The vegetation canopy, plant biodiversity, topographical features, soil textural
attributes, and substrate lithology are pivotal in modulating the pools of soil organic carbon
and essential nutrients [49,50]. Soil N is primarily derived from litter decomposition and
atmospheric deposition [51]. Young forest stands are distinguished by their low canopy
density, rich shrubs and herbaceous plants, abundant light, and high air temperatures. Con-
sequently, soil microbial activity is heightened, facilitating the decomposition of organic
matter and the conversion of N into soil nutrients, thus leading to higher soil C and N
contents in young forests [52]. Soil P is derived from rock weathering and the decay of
organic matter such as decomposing plant material [53]. The pattern of change in P levels
of soil is analogous to that of N, and similar findings have been observed across diverse
mixed forests located in the Qinling Mountains region of China [54].

Soil micro-organisms are the main agents responsible for the decomposition of soil
organic matter and the turnover of nutrients [4]. The microbial C content can indicate the
abundance of living soil micro-organisms [55]. The microbial N content comprehensively
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reflects the nitrogen mineralization and fixation process by microbial bodies while microbial
P is a crucial source of available P for plants, with a fast turnover rate and susceptibility
to environmental influences [56]. The responses of microbial C and N to stand age in P.
taiwanensis plantations in this study were consistent with the soil C and N. This response
reflects the characteristics of the soil microbial biomass, affected by soil nutrients [57].
The depletion of soil C and N in middle-aged and mature forests affected the activities of
soil micro-organisms, leading to a reduction in soil microbial C and N levels. Microbial
P gradually increased, favoring the conversion and release of soil-available P, similar to
the results obtained by Fang et al. when considering Quercus serrata forests of different
ages [58].

4.2. Changes in Live Needle, Litter, Soil, and Microbial CNP Stoichiometric Ratios with Stand Age

The C:N, C:P, and N:P ratios of live needles, leaf litter, soil, and micro-organisms
represent the competition between different components to maintain ecological balance
and their efforts to adapt to the environment in order to meet their own needs, thus
characterizing the changes in total productivity at the elemental level [59]. Needle N:P
serves as an indicator for assessing plant limitations in terms of N and P. Notably, the
N:P ratio in needles varied significantly across different stand ages. P. taiwanensis was
found to be limited by different nutrients at various stand ages. The observed increase in
needle N:P ratios with age suggests that P. taiwanensis forests progressively become more
P-limited [60]. As important physiological indices of plants, C:N and C:P can indicate both
a plant’s capacity for carbon assimilation as well as the effectiveness of nutrient acquisition
and utilization [61]. The mean values of C:N and C:P in P. taiwanensis needles at different
forest ages were higher than the global mean values for plant leaves [36], suggesting that P.
taiwanensis exhibits an efficient use of N and P along with a significant capacity for carbon
sequestration. The mature forest stand exhibited elevated leaf C:P and N:P ratios compared
to the other stands, suggesting a greater capacity for C assimilation at this stage.

The conditions of soil nutrients and the absorption and utilization of nutrients by
plants significantly influence the regulation of the ecological stoichiometric properties
of C, N, and P in litter. When the soil nutrient supply is inadequate, plants may resort
to the re-uptake of nutrients from the litter, thereby altering its ecological stoichiometric
characteristics [62]. The N and P contents of leaf litter were lower than those in live
needles while the C:N and C:P ratios significantly exceeded those found in live needles,
which, as in the study by Wang et al., indicated that P. taiwanensis is characterized by
nutrient reabsorption [63]. Studies have shown that the litter N:P ratio is a crucial factor
influencing litter decomposition and nutrient cycling and negatively correlates with the
litter decomposition rate [64]. The litter N:P ratio of P. taiwanensis initially rose before
declining as the forest age advanced, indicating that the rate of litter decomposition initially
slowed down before accelerating as the forest age increased, similar to the results of the
study by Jiang et al. on Pinus tabulaeformis forests of different ages [65].

Previous studies have indicated that the soil C:N ratio is indicative of the rate at which
organic matter undergoes mineralization, the C:P ratio demonstrates the magnitude of P
potential released through the microbial degradation of soil organic matter into inorganic
forms, and the N:P ratio reflects soil P availability [66]. The mean values of the C:N,
C:P, and N:P ratios in P. taiwanensis soils under different forest ages were higher than the
respective national mean values for terrestrial soils [45]. This indicates that the conversion
of soil organic matter into minerals in P. taiwanensis forests in this region is slow, which is
conducive to the accumulation of soil organic C and enhancement of the function of soil C
pools in P. taiwanensis forests. The slow decomposition of N and P is not conducive to the
release of N and D, easily restricting the growth of P. taiwanensis [67]. The C:P ratio in the soil
is vital for the development of plants and development, indicating the potential of plants
to release P from the environment and to absorb and utilize it [68]. A higher soil C:P ratio
reflects low soil P availability [69]. In this study, soil C:P ratios changed minimally with an
increasing forest age, suggesting that the trend of soil P availability remained relatively

29



Forests 2024, 15, 1954

stable during the subsequent growth of P. taiwanensis forests. Furthermore, numerous
studies have proven that a high microbial C:N ratio is associated with a high proportion
of soil fungi in the microbial community [70]. The differences in microbial C:N ratios
among the three stands in this study were not significant, indicating that the abundance
of soil microbial fungi in P. taiwanensis plantations did not vary significantly among the
three stands. The microbial C:P ratio continuously decreased with an increasing forest
age, suggesting an enhancement in the ability of micro-organisms to fix P, which was the
strongest in mature forests [71]. The demand for and utilization of resources by micro-
organisms are motivated by the biochemical ratios in their biomass and their capacity
for growth; however, they may also be influenced by the relative supply of available
resources [72].

4.3. Coupling of Needle, Litter, Soil, and Microbial CNP and Stoichiometric Ratios

Correlation analyses revealed significant correlations among the C, N, and P stoichio-
metric characteristics of P. taiwanensis live needles, leaf litter, soil, and micro-organisms.
These results indicated that C, N, and P elements were transported and transformed among
the four components (i.e., plants, litter, soil, and micro-organisms) in forest ecosystems [73].
The soil microbial biomass is pivotal in regulating soil nutrient cycling and energy flow [74].
Furthermore, the soil environment is a crucial factor influencing the growth of micro-
organisms as soil is intimately linked to micro-organisms [75]. This study also revealed
a substantial association among soil-based metrics and microbial stoichiometric ratios.
The highly significant correlation between soil C, N, and P contents and needle C and N
contents indicates that the stoichiometric balance of soil C, N, and P significantly affects
leaf nutrient uptake. Therefore, it is crucial to explore the profound connections between C,
N, and P within plants, soils, and micro-organisms [76]. In this study, there was a notable
correlation between the needle C:P and N:P ratios and the litter C:N ratio. Additionally,
leaf litter N:P ratio exhibited a significant negative correlation with the microbial C:P and
N:P ratios. The litter C:P and N:P ratios showed a strong, positive correlation with the
soil C:N ratio, indicating that live needles are (directly or indirectly) correlated with each
indicator of litter, soil, and micro-organisms [77,78]. This result demonstrates the significant
coupling relationships between the ecological stoichiometric characteristics of the four
components, namely, needles, leaf litter, soil, and micro-organisms. This suggests the
mutual transportation and transfer of C, N, and P among these four components during
the growth of P. taiwanensis.

5. Conclusions

Consequently, the current study examined P. taiwanensis plantations of young, middle-
aged, and mature forests in the Gujingyuan National Nature Reserve, a representative
region in northern subtropical China. By analyzing C, N, and P contents in lived needles,
litter, soil, and micro-organisms, we investigated the patterns of changes in the stoichiomet-
ric ratios of C, N, and P across different forest ages. The results showed that the nutrient
requirements of the plantations varied with the stand age. Specifically, significant differ-
ences in the stoichiometric characteristics of C, N, and P in needles, leaf litter, soil, and
micro-organisms were observed between different stand ages of P. taiwanensis plantation
forests. Litter can serve as a nutrient hub between leaf and soil systems. According to the
needle N:P reabsorption theory, the N:P ratio increased with forest age, suggesting a transi-
tion from N to P limitation as the forest matured. At the same time, soil C and P contents
decreased under all three stand ages, suggesting a certain degree of soil degradation in the
area. Microbial C:P values decreased as stand age advanced, implying that the microbial
capacity to fix P increased. The understory soil of P. taiwanensis in the study area is sandy
and low in nutrients, as well as in microbial C, N, and P contents. P. taiwanensis fulfills an
ecological successional function unparalleled among coniferous forests in harsh climatic
and impoverished soil environments. Overall, the C, N, and P contents of P. taiwanensis
needles, litter, soil, and micro-organisms were closely related to their ecological stoichio-
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metric ratios. Forest age is an important factor influencing elemental cycling among plants,
litter, soil, and micro-organisms.
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Abstract: Davidia involucrata has an ancient origin, representing a remnant from the paleotropical
flora that thrived during the Tertiary period. Altitudinal gradient acts as a natural testing ground
for studying climate change, and research on the distribution patterns of microorganisms along
altitudinal gradients is crucial in understanding the adaptability of D. involucrata to climate change.
In our study, we examined sample sites ranging from 1600 to 2200 m in elevation, which are part
of the primary habitat zone for Davidia involucrata within the Xuebaoding National Nature Reserve.
In 2021, field surveys were conducted across four altitudinal gradients (1600 m, 1800 m, 2000 m
and 2200 m) of the D. involucrata distribution in the nature reserve. The sampling plots were set in
each altitudinal gradient, and three representative and healthy mature trees were selected as sample
trees for each plot. Rhizosphere soils were used to test the soil stoichiometry characteristics and root
zone microbial communities. Our findings indicated pronounced differences in soil total carbon (TC)
and total phosphorus (TP) content and C:P and N:P ratios between the four altitude sites (p < 0.05).
Analysis of the bacterial communities revealed higher richness (PD and Chaol indexes) at ASL2000
and ASL2200 (high altitude) compared to ASL1600 and ASL2000 (low altitude) (p < 0.05). Non-
metric multidimensional scaling analysis demonstrated a distinct clustering of bacterial communities
between the high and low altitudes (p < 0.01). At the phylum level, Proteobacteria and Acidobacteria
were predominant at high altitudes, while Actinobacteria and Chloroflexi dominated at low altitudes.
The core microbiome, shared among all altitudes, comprised 377 genes. The analysis of differential
abundance revealed notable disparities in the prevalence of certain bacterial genera with altitude,
with Arthrobacter and Acidothermus experiencing the most pronounced shifts (p < 0.05). This confirmed
that environmental factors significantly influenced bacterial community structure and abundance.
Spearman’s rank correlations revealed that both Chaol and PD indices were positively correlated
with elevation, TC, and TN, with Chaol showing stronger relationships. Both indices were negatively
correlated with MAT, while only Chaol exhibited a significant negative correlation with pH. Linear
regression analysis further confirmed the significant associations between Chaol index and elevation,
TN, MAT, and pH. Furthermore, redundancy analysis demonstrated that altitude (ASL) and TN were
the primary factors shaping soil bacterial community composition, explaining 21.32% and 30.70% of
the variance, respectively. Altitude significantly influenced microbial community structure (p = 0.003).
Distinct microbial taxa showed specific associations with environmental gradients, suggesting niche
specialization in response to soil conditions. These findings suggest that altitude influences soil
nutrient characteristics and microbial community composition in the D. involucrata habitat, offering
insights into the ecological factors affecting this endangered species.

Keywords: Davidia involucrata; altitude; bacterial community structure; soil stoichiometry characteristics
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1. Introduction

The altitude pattern of biodiversity is one of the classic problems in ecological re-
search, and can offer important insights into latitudinal-induced biodiversity resulting
from climate changes, as well as anticipating the prospective effects of climate change on
different gradients [1]. Approximately 270 years ago, the study of biodiversity patterns
across altitudinal gradients begin to receive attention [2]. However, previous studies have
predominantly concentrated on the patterns of plant and animal biodiversity changes
along altitudinal gradients driven by temperature differences. Most studies suggest that
biodiversity exhibits either a unimodal pattern or a decrease with increasing altitude [2,3].

The study of microbial distribution across altitudes and the driving factor analysis
constitutes a foundation for biogeographical research. As a crucial component of ecosys-
tems, microorganisms are closely linked to ecosystem functional integrity [4]. Bacteria and
fungi are critical for soil biodiversity, with their community structure and diversity shaped
by various ecological factors [5]. However, research on the patterns of microorganisms
along altitude gradients, especially small-scale altitudinal gradients within the species
distribution range are not yet well understood, and the mechanisms that drive these pat-
terns remain largely unknown [2]. Elucidating the altitude patterns of microorganisms can
provide a more comprehensive and systematic understanding of biodiversity responses
and ecosystem functioning under climate changes.

Despite their central role in ecosystem functioning, due to technical limitations, altitu-
dinal patterns in microbial biodiversity have only begun to be studied in the past decade or
so [2]. Over these years, encouraging progress has been made in exploring patterns along
large-scale altitudinal gradients [6]. The distinct biogeographical distributions observed
among microbial communities across altitudinal gradients are significantly influenced by
a multitude of factors [7]. Empirical investigations into altitudinal gradients of bacterial
diversity have identified two forms: monotonic declines and hump-shaped models [8-10].
However, inconsistent trends has also been reported [11,12]. Altitude gradients across
short geographical distances can result in dramatic changes in climate and biological re-
placement [1]. The altitudinal responses of bacterial and fungal diversity, as well as their
community compositions, may exhibit heterogeneous characteristics, as they demonstrate
divergent responses to climatic and soil characteristics [13]. The reasons for the observed
disparities in research outcomes may be intricately associated with a variety of factors,
including the sampling scale, plant community structure, bedrock typology [8], climatic
conditions, the specific microbial taxa under investigation, and differences in microbial
species [14]. For instance, as elevation increases, there is a pronounced variation in soil
nutrient parameters, such as total nitrogen, total organic carbon, moisture content, and
urease activity. These alterations are correlated with the composition and metabolic activity
of the soil microbial communities [15]. Additionally, vegetation can exert a direct influence
on microbial community composition through rhizospheric activities. Furthermore, the
type and structure of plant communities may transform with changes in elevation, which
in turn can also impact the soil microbial diversity [15].

The soil microbial community composition is also modulated by the specific vegetation
type. Past investigations into the elevational patterns of soil microbes have predominantly
involved the collection of community soils across varying altitude gradients, exposing them
to the compounding effects of plant community composition and soil physicochemical
properties [16]. The function of soil microorganisms in individual species has been poorly
studied [16]. To elucidate the intricate dynamics between soil ecological processes and
plant growth, it is necessary to study the altitude pattern of soil microorganisms of a single
species. To elucidate the complex interactions between soil ecological processes and plant
growth, conducting research on the altitudinal pattern of soil microorganisms related to a
specific plant species is of paramount importance.

Davidia involucrata Baill. is a deciduous tree of the genus Davidia in the Nyssaceae
family, endemic to China [17]. It has an ancient origin, representing a remnant from
the paleotropical flora that thrived during the Tertiary period [18]. It was once widely
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distributed in temperate and subtropical regions, and now only exists in parts of central
and southwestern of China [19]. This species is restricted to relatively narrow altitudinal
ranges. In the eastern distribution area, D. involucrata occurs from 700 to 2000 m in
altitude, while in the western region, it is more commonly found from 1000 to 2800 m.
Meanwhile, the optimal distribution altitude in the eastern and western region is within a
span of 1200 to 2200 m [20]. Although D. involucrata has high research value, its ecological
adaptation to altitude is still poorly understood.

Grasping the distribution of microbial diversity across altitudinal gradients and iden-
tifying the determinants of these patterns is essential for elucidating the mechanism under-
lying plant-soil interactions. This knowledge is crucial for enhancing our comprehension
of how relic species adapt to the challenges posed by climate change [21]. This study ad-
dresses several questions: (1) What is the pattern of soil bacteria diversity in root zone soil
of D. involucrata along altitudinal gradients? and (2) Which climate and soil factors drive
the altitude patterns of soil microbes? To answer these questions, we set up four sample
plots at 1600, 1800, 2000, and 2200 m, and ascertained variations in bacterial diversity
and community composition across a small-scale altitudinal range in order identify the
principal factors influencing these trends.

2. Materials and Methods
2.1. Study Site and Sampling

The Xuebaoding Nature Reserve, in Pingwu County, Mianyang City, Sichuan Province,
China (31°59'31”~33°02/41" N, 103°50'31""~104°58'13" E) served as the study site (Figure 1).
Characterized by a temperate, semi-humid continental monsoon climate, this region has a
mean yearly temperature of 10.1 °C and receives over 1300 mm of precipitation annually.
Yellow-brown soil is the predominant soil type in the area. The soil layer is thick and
contains a lot of gravel fragments.
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Figure 1. Map of the research area.

The research sites extended from 1600 to 2200 m above sea level (m a.s.l.) and repre-
sented the concentrated distribution area along the altitudinal gradient in the Xuebaoding
national nature reserve. In 2021, field surveys were conducted in two extreme altitude
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gradients of the D. involucrata distribution in the nature reserve. The study was conducted
during the growing season of D. involucrata at four altitudinal sampling plots (1600 m a.s.L,
1800 m a.s.1,, 2000 m a.s.l., and 2200 m a.s.1.). Three representative and healthy mature trees
with comparable growth vigor, a similar diameter at breast height (35~45 cm), and freedom
from diseases and pests were selected as sample trees in each plot.

Around each sample tree, three soil samples were collected using a soil corer, and
the collected soil cores were immediately placed in a cooler to maintain freshness. Upon
returning to the laboratory, soil physical properties were determined. The surface litter
and cover materials were removed from the base of the sample tree. Prior to sampling, all
sampling tools were disinfected and sterilized using 75% alcohol. Surface soil samples from
the top 10 cm layer were collected using the sterilized tools. These samples underwent
sieving through a 20-mesh screen, after which they were split into two parts. One portion,
sealed in bags, was transported to the lab for physicochemical analysis. The other, stored in
sterile centrifuge tubes within a liquid nitrogen container, was designated for soil microbial
community structure analysis. The soil samples for soil characteristic measurements were
shade-dried naturally for pH determination and the analysis of soil element content.

The soil samples for soil microbial diversity analysis, upon returning to the labo-
ratory, were immediately placed in liquid nitrogen and sent to a contracted company
for sequencing.

2.2. Soil Physicochemical Properties Analyses

Soil mean annual temperature (MAT) and mean annual humidity (MAH) were mea-
sured using a TMS-4 temperature and moisture meter (TOMST, Prague, Czech Republic) at
each altitude.

For the determination of soil pH, a fresh soil sample equivalent to 5 g of dry soil was
taken, combined with 25 mL of CO,-free water, placed on a magnetic stirrer for 30 min,
and then measured with a pH meter (FE20-Five Easy TM pH, Mettler Toledo, Greifensee,
Germany). Determination of total carbon (TC), total nitrogen (TN), and total phosphorus
(TP) was performed as follows: soil was dried naturally, ground finely, and sieved through
a 100 mesh sieve, and contents were then determined using a carbon and nitrogen analyzer
(Vario MAX, Elementar, Langenselbold, Germany); total phosphorus was determined using
the molybdenum blue colorimetric method.

2.3. Soil DNA Exrtraction, PCR Amplification and lllumina Miseq Sequencing

Root zone soil (0.5 g dry weight) underwent DNA isolation using the E.Z.N.A.® soil
DNA extraction kit (Omega Bio-tek, Norcross, GA, USA). PCR amplification targeted the
V3-V4 hypervariable regions of bacterial 16S rRNA genes, employing primers 338F (5'-
ACTCCTACGGGAGGCAGCA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3'). After
separation on 2% agarose gel, the amplicons were extracted and purified with the AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). QuantiFluor™-ST
(Promega, Madison, WI, USA) facilitated DNA quantification. The resulting products then
underwent paired-end sequencing (2 x 300 bp) on an Illumina MiSeq platform (Illumina,
San Diego, CA, USA).

2.4. Data Quality Control and Processing

The original sequences were multiplexed and subjected to quality filtering using
Trimmomatic. The paired-end reads were then merged using FLASH [22]. Subsequently,
the operational taxonomic units (OTUs) were clustered at a 97% similarity threshold using
the UPARSE software (version 7.1, http:/ /drive5.com/uparse), and chimeric sequences
were identified and removed using UCHIME [23] (accessed on 15 October 2024).

Following that, the classification of each 165 rRNA gene sequence was performed
using the SILVA r138 database [24]. To account for variations in sequence numbers that
could affect the composition of bacterial communities, the sequence numbers for each soil
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sample were standardized to the minimum sequence number after removing singletons. In
this study, a total of 1,255,896 bacterial sequences were obtained.

2.5. Statistical Analyses

This text utilized OTU table analysis to examine the o and 3 diversity of soil mi-
croorganisms at different altitudes. Statistical analyses of the data were conducted using
Excel 2019 and R 4.2.1 software. ANOVA was employed to assess the differences in soil
nutrient characteristics of D. involucrata and « diversity indexes of root zone soil bacteria
across four altitudes, and a t-test was employed to assess the differences in soil nutrient
characteristics of D. involucrata and « diversity indexes of root zone soil bacteria across high
and low altitudes. Non-metric multidimensional scaling (NMDS) was used to analyze the
differences in community composition between altitudes. Spearman correlation analysis
and redundancy analyses (RDA) were employed to analyze the correlation between soil
microbial communities and environmental factors.

3. Results
3.1. Community Composition of Soil Bacteria in Root Zone of D. involucrata

The effects of altitude on microbial community diversity were examined across four
elevations ranging from 1600 m a.s.l. to 2200 m a.s.l. (Figure 2A). The Faith’s Phylogenetic
Diversity (PD) index (Figure 2A) did not exhibit statistically significant changes with
altitude (p > 0.05), but revealed significant differences between low (L_ASL) and high
(H_ASL) altitude sites (p = 0.017), with higher values observed at H_ASL. In contrast, the
Chaol index, representing species richness, demonstrated significant differences between
lower (1600-1800 m) and higher (2000-2200 m) altitudes (p < 0.05; Figure 2A). H_ASL
exhibited significantly greater Chaol index values compared to L_ASL (p = 0.001).

1700

1600

1500

1400

13004

1200

1600

15004

1400

1300

2 B
@ 125 = NMDS on OTU level
: b b 120 a stross (0,048, R=0,5586, P=0.002000
'S ] 0.35
! 25 . b
a =) 2 * * 03
a ’:: 110 A 05
=
Shos 024
. £ ®
2100 015
95 0.1+
1600 1800 2000 2200 1600 1800 2000 2200 o 0.05
Altitude (m as.l.) Altitude (m a.s.1) g [I EERE
z
0.05
. P=0.017*
() P=0.001** 15 (d) 0l
T
H 0.15
2110 02
= 025 @ 1600
5 - 1800
3 105 034 @ 2000
2 L @ 2200
o 0,354
100 . i .
0.6 0.5 0.4 03 10, 0.1 0 0l 0, 0.3 04 05 0.6
' ? NMDS1
L_ASL H_ASL L_ASL H_ASL

Figure 2. Soil bacterial communities at the OTU level in the root zone at different altitudes. (A)
diversity metrics for bacterial communities based on 16sRNA regions in the soil of Davidia involucrata
at different altitudes (a) Chao 1 index. (b) PD index. (c¢) Chao 1 index and (d) PD index comparison
between low (L_ASL) and high altitude (H_ASL) levels. Each point represents the mean value, and
error bars indicate standard error. Different lowercase letters denote significant differences among
altitudes (p < 0.05). * p < 0.05, ** p < 0.01. (B) NMDS of soil bacterial communities at the OTU level in
the root zone at different altitudes. Each point represents a sample, with colors indicating different
altitudes: blue (1600 m), yellow (1800 m), grey (2000 m), and red (2200 m). The ellipses represent 95%
confidence intervals for the high and low elevation groupings. The stress value of 0.048 indicates
a good fit of the NMDS ordination. ANOSIM analysis (R = 0.5586, p = 0.002) revealed significant
differences in bacterial community composition among altitudes.
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Non-metric multidimensional scaling (NMDS) analysis of bacterial communities at
the OTU level demonstrated clear separation between lower (1600 m and 1800 m) and
higher (2000 m and 2200 m) altitude samples (Figure 2B). ANOSIM confirmed significant
differences in bacterial community composition among altitudes (R = 0.5586, p = 0.002).

At the phylum level, the dominant bacterial groups at both high and low altitudes were
Proteobacteria (39.01%, 32.50%), Actinobacteria (22.01%, 26.07%), Acidobacteria (15.88%,
13.39%), and Chloroflexi (6.82%, 8.27%) (Figure 3A). High altitude samples showed higher
relative abundances of Proteobacteria and Acidobacteria, while low altitude samples had

higher proportions of Actinobacteria and Chloroflexi.

b

1 =

0.8

0.6

0.4+

0.2

Percent of community abundance on Phylum level

1 =
I I I -

4-

0
I l;[)2 |
0-

B Proteobacteria
Actinobacteriota

I Acidobacteriota

B Chloroflexi

[ Firmicutes

M Methylomirabilota

B Myxococcota

B Bacteroidota

B Desulfobacterota

B Gemmatimonadota

[ Verrucomicrobiota

[ Planctomycetota

[0 others

1600 1800 2000 2200 H_ASL
Altitude (m a.s.l.)

H_ASL

3
(0.69%)

Figure 3. (A) Proportions of dominant bacteria in the root zone of different altitudes at the phylum
level. Phyla representing less than 1% of the total reads are grouped as “others”. Stacked bar plot
shows the relative abundance of bacterial phyla at four specific altitudes (1600 m, 1800 m, 2000 m,
and 2200 m), and across low altitude (L_ASL) and high altitude (H_ASL) groups. (B) Venn diagram
showing the distribution of genus among four altitudes in soil samples. The numbers in each section
represent the number of genera. The overlapping areas indicate shared genera at different altitudes.

The core microbiome, shared among all altitudes, comprised 377 genera (Figure 3B).
Differential abundance analysis revealed significant differences in bacterial genera be-
tween H_ASL and L_ASL groups, with Arthrobacter and Acidothermus showing the most
pronounced changes (Figure 4).
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Figure 4. Differential abundance analysis of bacterial genera between high and low altitude based
on Wilcoxon rank-sum test. The left panel shows the relative abundance (proportions) of each
genus in high altitude (H_ASL, blue) and low altitude (L_ASL, yellow) samples. Positive values in
the right panel indicate higher abundance in high altitude samples, while negative values indicate
higher abundance in low altitude samples, at 95% confidence intervals. Genera are ordered by their
statistical significance. Blue dots indicate higher abundance at a high altitude, while yellow dots
represent higher abundance at a low altitude. The vertical dashed line at 0 represents no difference
between altitudes. p-values are shown on the far right, with significance levels indicated by (* p < 0.05,
** p < 0.01). Only genera with significant differences (p < 0.05) are shown.
3.2. Soil Physicochemical Properties Along the Altitudinal Gradient
Soil physicochemical properties varied significantly along the altitudinal gradient
(16002200 m a.s.l.). TC, TN, and TP concentrations increased with elevation, reaching
maxima at 2000-2200 m (Figure 5A-C). The C:N ratio peaked at 2000 m and was lowest at
1600 m, while C:P and N:P ratios rose sharply above 1800 m (Figure 5D-F). MAT decreased
steadily with elevation, whereas MAH peaked at 1800 m before declining (Figure 5G,H). Soil
pH showed a slight downward trend, reaching its lowest at 2000 m (Figure 5I). Significant
differences were observed between high (H_ASL) and low (L_ASL) altitude sites (Table 1):
TC and TN were higher at H_ASL (p < 0.01), TP was higher at L_ASL (p = 0.04), C:P and
N:P ratios were higher at H_ASL (p < 0.01), and pH was lower at H_ASL (p < 0.01). MAT
was significantly lower at H_ASL (p < 0.01).
Table 1. Environment elements in the soil of Davidia involucrata at high altitude and low altitude.
TC TN TP CN c:p N:P MAT MAH pH
L_ASL  5350+432a 491+010a 129+022b  1089+0.67a 4206+£378a 3.89+059a 1049+122b  033+01la 574+017b
H_ASL 7124 £3.75b 6.36 £0.11Db 1.03 £0.14a 1120 £ 046 a 70.06 £6.00b  6.28 £0.77b 8.38+0.26 a 0.37 +0.06 a 5274+025a
p-value <0.01 <0.01 0.04 037 <0.01 <0.01 <0.01 042 <0.01

Notes: Values followed by different small letters represent significant differences between high altitude and low

altitude (p < 0.05). H_ASL: high altitude; L_ASL: low altitude.

3.3. The Relationship Between Environmental Factors and Bacterial Communities

Spearman’s rank correlations indicated that both the Chaol and PD indices were

positively correlated with elevation, TC, and TN. The Chaol index showed stronger cor-

relations (p < 0.01) compared to the PD index (p < 0.05). Both indices exhibited negative
correlations with MAT, with Chaol showing a stronger relationship (r = —0.73, p < 0.01)
than PD (r = —0.62, p < 0.05). Interestingly, only the Chaol index showed a significant
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negative correlation with pH (r = —0.59, p < 0.05), while the correlation between PD and pH
was not statistically significant (r = —0.48, p > 0.05) (Table 2). Specifically, the Chaol index
showed positive correlations with elevation (Rzadj = 0.555, p = 0.003), TC (Rzadj = 0.613,
p =0.002), TN (Rzad]- =0.669, p < 0.001), and C:P (Rzad]- = 0.518, p = 0.005), and negative
correlations with MAT (R?,g; = 0.452, p < 0.01) and pH (R?,g; = 0.320, p = 0.003) (Figure 6).
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Figure 5. Environment elements in the soil of Davidia involucrata at different altitudes: (A) total
carbon, (B) total nitrogen, (C) total phosphorus, (D) C:N ratio, (E) C:P ratio, (F) N:P ratio, (G) Mean
annual temperature, (H) Mean annual humidity, and (I) Soil pH. Each point represents the mean
value, and error bars indicate standard error. Different lowercase letters denote significant differences
among altitudes (p < 0.05).
Table 2. Spearman correlation coefficients between environmental factors and alpha diversity indices
(Chaol, Faith’s PD).
ASL TC TN TP C:N C:P N:P MAT MAH pH
Chaol 0.75 ** 0.80 ** 0.80 ** —0.11 0.43 0.58 * 0.55 —0.73 ** 0.42 —0.59 *
PD 0.58 * 0.63* 0.59* —0.10 0.31 0.48 0.43 —0.62*% 0.40 —0.48

Note: Asterisks denote significance levels: ** p < 0.01, * p < 0.05.
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Figure 6. Relationships between Chaol index of operational taxonomic units (OTUs) and environ-
mental factors: (A) elevation, (B) total carbon, (C) total nitrogen, (D) C:P ratio, (E) MAT, and (F) pH.
The blue lines represent the fitted linear regression models, and the grey shaded areas indicate the
95% confidence intervals. R2ad]~ and p-values are shown for each relationship.

Redundancy analysis (RDA) revealed that the first two axes explained 51.83% of the
total variance in microbial community composition (Figure 7). Environmental factors
showed varying influences, with TN and ASL exhibiting the strongest correlations with
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community structure. Variance partitioning indicated that TN accounted for the highest
proportion of explained variance (30.70%), followed by ASL (21.32%) and TC (15.93%).
However, only ASL showed a statistically significant effect (F = 13.3587, p = 0.003) (Table 3).
Distinct microbial genus-level associations were observed along environmental gradients,
with Arthrobacter negatively correlated with TN and TC, while Roseiarcus and Acidothermus
showed positive correlations.

0.8
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Figure 7. Redundancy analysis (RDA) of soil microbial community composition in relation to
environmental factors. The first two RDA axes explain 51.83% of the total constrained variation
(RDA1: 46.36%, RDA2: 5.47%).

Table 3. Influence of environmental factors on soil microbial community composition.

Environmental Explained Variance (%) F-Value p-Value Significance

Factor

TN 30.7 2.271 0.18 -

ASL 21.32 13.3587 0.003 i

TC 15.93 0.8642 0.419 -

pH 12.74 1.7887 0.249 -

MAT 12.14 0.6543 0.521 -

TP 5.62 1.0991 0.326 -
MAH 15 0.6706 0.533 -

Notes: The explained variance represents the proportion of variation in microbial community composition
accounted for by each factor. p-values were obtained from permutation tests (999 permutations). ** indicates
statistical significance at p < 0.01.

4. Discussion

Microorganisms are integral to ecosystem functioning, exerting a significant influ-
ence on the regulation of key processes, such as the cycling of nutrients and materials.
Microbial diversity and abundance are intricately linked to the strength and characteristics
of ecological functions in ecosystems. Altitude significantly influences the diversity and
abundance of soil microorganisms [25]. The «-diversity of soil bacteria in this research did
not vary much between altitudes, but notable differences were observed in the community
composition between high and low altitudes. In our research, the soil bacterial richness of
the root zone was remarkably higher at a high altitude (ASLpgpp and ASLpygg) than at a low
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altitude (ASL1¢0p and ASLjggg). This pattern deviates from the trend observed in numerous
other organism groups; for example, in one study, it was shown that as the altitude gradient
increased from 2400 m to 3400 m, the richness of bacterial taxa and their phylogenetic
diversity exhibited a consistent decline [1,26]. Meanwhile, other studies on Gongga (3000 m
to 4100 m) and Changbai Mountain (2000 m to 2500 m) in China and the Rocky Mountains
(2460 m to 3380 m) in the United States have demonstrated the same pattern [1,27,28].
Although the trend of the results of our research reflects that bacterial diversity increases
with an increase in altitude, the altitude range of the present study is from 1600 m to
2200 m, which belongs to the mid-mountainous zone as compared to the above mentioned
studies, and is similar to the results of a previous study performed on Mt. Fuji; that is,
bacterial diversity exhibits a hump-shaped pattern in relation to altitude (1000 m to 3700
m). Across a montane altitudinal gradient in eastern Peru, previous research determined
that there was no substantial variation in bacterial diversity associated with changes in
altitude (1800 m to 3200 m) [29]. Therefore, the variation in bacterial diversity with altitude
differs at different altitude spans. However, over a wider altitude span (440~3250 m),
bacterial diversity has been found to not be significantly related to altitude [5]. Our study
reveals the altitudinal distribution of soil bacteria diversity in D. involucrata (1600~2200 m)
in mountain ecosystems. This helps to understand the distribution patterns of bacterial
diversity of D. involucrata across its altitudinal range. On the other hand, there are fewer
research studies on the altitudinal patterns of soil microorganisms in the root zone of
single woody plants. This is the first study to reveal the soil bacterial diversity, community
structure, and spatial distribution of microorganisms in the root zone of D. involucrata trees
in the Xuebaoding National Nature Reservation.

While the geographic spread of bacterial communities is predominantly influenced
by climatic factors [30,31], soil properties exert a direct impact on the regulation of these
communities [32,33]. Specifically, ecological niche environmental filtering processes related
to soil carbon and nitrogen content are likely to be the primary determinants in shaping
the structure of bacterial communities across altitudinal gradients [28]. Shen et al. (2015)
indicated that soil C and N content is an essential ecological determinant affecting the ver-
tical distribution of bacteria [28]. The bacterial assemblages exhibited substantial variation
with changes in altitude, and there was a pronounced correlation between the community
structure and the levels of total C and N in the soil within the Changbai Mountain tun-
dra ecosystem [28]. Furthermore, the balance of resource stoichiometry is pivotal for the
function of microorganisms [32]. Reed et al. (2011) highlighted that the ratio of resource ele-
ments, such as the nitrogen to phosphorus ratio, can often provide a more accurate forecast
of microbial activity than considering a single nutrient in isolation [34]. Eisele et al. (1989)
suggested a possible link between nitrogen fixation rates and the proportion of available ni-
trogen to accessible phosphorus [34,35]. Wan et al. (2015) discovered that the soil microbial
community structure changed in response to C:N ratio variations [36]. Therefore, using
ecological stoichiometry may help to reveal how soil factors impact microbial communities.
In our research, we observed significant changes in the MAT, pH, STC, STN, STP content,
C:P, and N:P between high and low altitudes. In addition, altitude, soil physicochemical
properties, and chemical characteristics also showed a high correlation with bacterial di-
versity in our results. These findings emphasize the significant impact of altitude-related
changes in temperature, pH, and soil organic matter content on microbial community
diversity within root zone soil. The complex interplay between elevation and soil physico-
chemical properties seems to be a primary force shaping the patterns of microbial diversity
within this mountain ecosystem. The abundance and composition of bacterial communities
in soil is directly associated with soil characteristics, and this also offers insight into the
greater soil bacterial richness at higher altitudes as opposed to lower altitudes [37,38]. The
altitudinal variation trend of nutrients in soil may be the main influencing factor driving
the emergence of bacterial patterns in D. involucrata along the altitudinal gradient.

In addition to plant communities, the balance of C and N within the litter-soil-microbe
continuum also influences the shifts in bacterial composition and diversity [32,33]. Fur-
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thermore, due to the distinct nutrient requirements and dosages of diverse functional
groups, the stoichiometry of carbon and nitrogen in the soil continuum may exert both
individual and combined influences on bacterial communities [33,39]. For example, in
nitrogen-rich soil environments, the functional groups associated with N cycling having a
high assemblage, and similarly, in carbon-rich soils, there is a high abundance of bacteria
that participate in the carbon cycle [32,33]. The main bacterial phyla in the root zone
of D. involucrata include Proteobacteria, Actinobacteria, Acidobacteria, and Chloroflexi,
with the functions of these groups frequently connected to the cycling processes of car-
bon and nitrogen. Acidobacteria taxa are frequently linked to the carbon cycle, whereas
Proteobacteria, Chloroflexi, and Actinobacteria are primarily engaged in nitrogen cycling
activities [32,33,40]. In addition, the distribution of different genera of Arthrobacter and
Acidothermus was significantly or very significantly observed in the rhizospheric soils at
high altitude (H_ASL) and low altitude (L_ASL). Our results also revealed significant cor-
relations between environmental factors and bacterial diversity. Specifically, we detected a
positive association between bacteria diversity and altitudes, TC, TN, and C:P, and negative
correlation between bacteria diversity and pH, as well as MAT. This suggests that the
differences in environmental conditions along the altitude gradient have led to distinct pat-
terns in bacteria distribution and community composition, and altitude acts as a key factor
driving the divergence of bacteria communities and their relationships with environmental
variables. Therefore, consistent with other research, the interaction between soil carbon,
nitrogen, and phosphorus is indicated to exert a possible influence on the distribution
characteristics of bacterial communities in the root zone soil of D. involucrata [41].

5. Conclusions

This study explored the differences in microclimatic characteristics, soil properties,
and root zone bacteria communities between altitudes within the D. involucrata distribution
range in the Xuebaoding Nature Reserve, Sichuan Province, China. In this study, the results
exhibited a notable disparity in soil bacteria community characteristics in root zones of
mature trees, especially in terms of richness and relative abundance. The composition and
diversity of bacterial communities were different at high and low altitudes. There were
also differences in soil pH and stoichiometric characteristics among altitudes. There was a
significant linkage between environmental parameters and soil bacterial communities. TC,
TN, C:P, pH, and MAT values were significantly correlated with bacterial diversity, while
ASL and TN were key factors in the formation of bacterial community diversity across the
studied altitudes. Our results aid in understanding the soil bacteria pattern of D. involucrata
within its altitudinal distribution range, and the associated driving factors.
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Abstract: Climate warming impacts soil nitrogen cycling in forest ecosystems, thus influencing their
productivity, but this has not yet been sufficiently studied. Experiments commenced in January 2012
in a subtropical Castanopsis hystrix Hook. f. and Thomson ex A. DC. plantation and in May 2011 in a
temperate Quercus aliena Blume forest, China. Four treatments were established comprising trenching,
artificial warming (up to 2 °C), artificial warming + trenching, and untreated control plots. The plots
were 2 X 3 m in size. In 2021 and 2022, soil nitrogen mineralization, soil nutrient availability, fine root
biomass and microbial biomass were measured at 0-20 cm soil depth in 6 replicate plots per treatment.
Warming significantly increased soil temperature in both forests. In the C. hystrix plantation, warming
significantly increased available phosphorus (AP) and fine root biomass (FRB), but it did not affect soil
microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), microbial biomass phosphorus
(MBP) and their ratios. Warming depressed the net mineralization rate (NMR) and net ammonification
rate (NAR) of the C. hystrix plantation, probably because the competition for nitrogen uptake by
fine roots and microorganisms increased, thus decreasing substrates for nitrogen mineralization and
ammonification processes. Trenching and warming + trenching increased the net nitrification rate
(NNR), which might be related to decreased NH4*-N absorption of trees in the trenched plots and the
increased microbial activity involved in soil nitrification. In the Q. aliena forest, warming significantly
increased NH*-N, MBC/MBN, Root C/N, Root N/P, and decreased pH, MBN, MBN /MBP and Root
P; and there was no effect of trenching. Notably, the NAR, NNR and NMR were largely unaffected by
long-term warming. We attributed this to the negative effect of increasing NH;*-N and decreasing
MBN/MBP offsetting the positive effect of soil warming. This study highlights the vulnerability of
subtropical forest stands to long-term warming due to decreased soil N mineralization and increased
NO;™-N leaching. In contrast, the soil N cycle in the temperate forest was more resilient to a decade
of continuous warming.

Keywords: experimental warming; fine roots; soil microorganisms; soil nitrogen mineralization

1. Introduction

According to the World Meteorological Organization, the earth’s temperature in 2023
was about 1.4 °C higher than in the early industrialization period of 1850-1900 [1]. However,
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there are significant regional differences, and ecosystems at middle and high latitudes
and elevations are likely to encounter more serious warming [2]. It is projected that the
global temperature will further increase by 1.0-3.7 °C by the end of the 21st century, and
pose a significant threat to global sustainable development and human livelihood [2,3].
Forests play a critical role in sequestering carbon, maintaining biodiversity and providing
other ecosystem services. Nitrogen is a key driver of forest growth and therefore nitrogen
provides a useful index to evaluate forest ecosystem response to global warming [4,5]. Soil
nitrogen pool size and flux, nitrogen utilization by plants and N,O emissions in terrestrial
ecosystems are influenced by soil nitrogen mineralization, which is highly sensitive to
warming [6].

Many warming control experiments have been carried out in forest ecosystems [7],
and these have increased our understanding of the response of forests to climate warm-
ing. In particular, soil nitrogen mineralization is mainly influenced by soil organic matter,
nitrogen availability [8], as well as soil temperature and humidity [9]. Increasing soil tem-
perature changes nitrogen conversion by soil microbes and roots, and accelerates nitrogen
mineralization by promoting the activity of extracellular enzymes involved in nitrogen
circulation [10,11]. However, forest ecosystems differ greatly in species composition, com-
munity structure and soil types. In addition, tree species may differ in root morphology,
physiology and nutrient requirements [12]. As a result, the response modes and feedback
mechanisms to warming may differ across forest ecosystems. For example, in a mixed
deciduous temperate forest, the annual average soil net nitrogen mineralization (0-10 cm)
increased by 45% in a 5 °C ambient warming experiment [13]. These authors proposed that
the soil net nitrogen rate accelerated due to the comprehensive actions of the decreased
unstable organic carbon, increased NH4*-N and enhanced microbial metabolism in the
soil. Furthermore, experimental warming significantly increased rates of net nitrogen
mineralization, as well as net nitrification and denitrification in soil under Picea asperata
Mast. and Abies faxoniana var. faxoniana (Rehder and Wilson) Tang S. Liu in plateau-
climate zones in most sampling periods [12]. This is because increasing temperature and
nutrient availability altered the morphology (root length and type) and activity (e.g., root
exudates) of plant roots, thus modulating soil nitrogen mineralization. By contrast, the soil
net nitrogen mineralization rates in superficial and deep soil layers of a temperate Pinus
tabuliformis plantation decreased by 52% (0-10 cm) and 51% (10-20 cm), respectively, under
warming conditions [14]. This was attributed to warming decreasing soil moisture content,
reducing soil microbial activity, and restricting the diffusion of soluble carbon and nitrogen.
Surprisingly, in a subtropical Cunninghamia lanceolata (Lamb.) Hook. plantation, increasing
soil temperature by 4 °C had no significant effect on the in situ soil net nitrogen mineral-
ization rate, the net nitrification rate or the in situ soil N,O emission rate [15]. This may
be partly due to increasing temperature promoting the activity of nitrogen-transforming
microorganisms but at the same time decreasing microbial immobilization of nitrogen. The
above range of responses of soil nitrogen mineralization in field warming experiments
highlights uncertainty for climate change predictions in forest ecosystems and the necessity
for more comprehensive studies to be undertaken.

Several meta-analysis studies discussed different responses of soil nitrogen mineraliza-
tion of forest ecosystems to warming [6,16,17], and concluded that there remains significant
uncertainty due to inconsistent warming techniques and observation periods. Our previ-
ous research showed that during the first two years of warming, soil warming increased
heterotrophic respiration and inhibited root respiration in a C. hystrix forest, leading to an
overall decrease in topsoil SOC content of about 16.9% [18]. After 5 years of warming, the
labile C in the trenched plots decreased significantly, while the effect of warming on SOC
content leveled off during the latter three years of the study [19]. However, in a Q. aliena
forest, soil warming substantially elevated soil respiration and autotrophic respiration [20].
Furthermore, 5 years of continuous soil warming caused a decline in nitrogen availability
in the Q. aliena forest, while microbial biomass-specific nitrogen-acquisition enzyme activity
increased significantly [21]. However, how warming affects the soil nitrogen transformation
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process and its regulatory mechanisms in different climatic zones is still not clear. Further
field warming studies in forest ecosystems in different climatic zones are conducive to
improving our understanding of the response mechanism of nutrient cycling to climate
change. In particular, they can provide reference data for the parameterization of large-scale
climate-nitrogen cycling models.

Soil warming experiments established in January 2012 in a south subtropical C. hystrix
plantation [18] and in May 2011 in a temperate Q. aliena natural forest [20] provide an
opportunity to identify ten-year responses of forest soil nitrogen mineralization in two
climatic regions to soil warming. In this study;, it is hypothesized that: (1) soil warming
will increase soil temperature and promote fine root growth and microbial activity, thus
increasing the soil nitrogen mineralization rate; and (2) the soil net nitrogen mineralization
rate in the temperate forest will be more sensitive to warming than in the subtropical forest.

2. Materials and Methods
2.1. Study Area Sites

There were two field experiments, one study was conducted in a south subtropical
C. hystrix monoculture plantation and the other was in a temperate Q. aliena pure natural
forest. The C. hystrix plantation is located in the Guangxi Youyiguan Forest Ecosystem
Research Station of Experimental Center for Tropical Forestry, Chinese Academy of Forestry
(22°10’ N, 106°50" E), at an elevation of 550 m. The area is part of the south subtropical
monsoon climate zone, with 1200-1500 mm annual average precipitation, mainly from
April to September, 1200-1400 mm annual evaporation, 80%—84% relative humidity, and
20.5-21.7 °C average annual temperature. In the 2012 survey, the average diameter at breast
height of C. hystrix was 25.7 cm, and the tree density was 333 trees ha~!. The forest soil
type is Oxisol, and the soil depth is >80 cm.

The Q. aliena forest is located in the Positioning Research Station of the Henan Neix-
iang Baotianman Forest Ecosystem, National Forestry and Grassland Administration
(111°47'-112°04’ E, 33°20'-33°36' N), with an elevation of 1400 m. It experiences a temper-
ate monsoon climate and has four distinctive seasons. The average annual precipitation is
894 mm, mainly from June to August, and the average annual temperature is 15.1 °C. In
2012, the average diameter at breast height of Q. aliena was 20.1 cm, and the tree density
was 1270 trees ha~!. The forest soil type is Hapludalfs, with a soil depth of 20-60 cm [20].

2.2. Experimental Design

A split plot experiment was established at each site with warming as the main plot,
and trenching as the split plot. The four treatments were: control, warming, trenching, and
warming + trenching. Each treatment had six replications, forming 24 split plots. Six pairs
of 4 x 3 m plots were randomly established on each site over a 30 x 70 m area, each pair
containing a plot that was subject to warming using an infrared heater and a control plot
that was not subject to warming. Each plot was further divided into two 2 x 3 m subplots,
one of which was randomly assigned to be trenched while the other remained non-trenched.
The trenches were dug 1 m deep to minimize the influence of roots entering the subplots.
The warming experiments commenced in January 2012 (C. hystrix) and May 2011 (Q. aliena),
respectively, and have been ongoing continuously since then, 24 hours a day. More detailed
information on site preparation and treatment protocols is provided by Wang et al. [18]
and Liu et al. [20].

2.3. Soil Collection and Analysis

Soil nitrogen mineralization rates were determined at the sites using the PVC tube
method described by Tsui and Chen [22] in two incubation periods (20 July-20 August 2021,
22 July—22 August 2022). At the beginning of each incubation, three sample points were
chosen randomly and the surface litter was removed in each split-plot. At each sample
point, a pair of tubes was inserted 20 cm vertically into the soil using a rubber mallet,
leaving 8 cm above the ground. The PVC tubes had an inner diameter of 5 cm and height
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of 28 cm, and there were four holes near the top for gas exchange. The tops were sealed
with PVC caps to prevent the loss of nutrients by precipitation and to exclude litter fall.
Three tubes were taken out immediately, the content was partitioned into 0-10 cm and
10-20 cm layers, and the layers from the three tubes were combined and mixed thoroughly
providing two samples for determining the initial NH4*-N and NO3; ~-N concentrations.
The remaining tubes with closed caps and cotton gauze bottoms to exclude roots were
left in situ and collected at the end of each incubation period for the measurement of
the final NH4*-N and NO3;™-N concentrations. Meanwhile, temperatures of soil layers
0-10 cm and 10-20 cm were measured with a digital thermometer (Harvesting Science and
Technology Co., Ltd., Beijing, China) at three positions (upper, middle and lower) near
each incubation point.

The formulae used to calculate the soil net nitrogen mineralization rates are as follows:

Net ammonification rate (NAR, mg N kg ! d~!) = (ammonium nitrogen after )
incubation — ammonium nitrogen before incubation)/days of incubation
Net nitrification rate (NNR, mg N kg~! d~!) = (nitrate nitrogen after
incubation — nitrate nitrogen before incubation)/days of incubation

@

Net nitrogen mineralization rate (NMR, mg N 1<g*l d~!) = NAR + NNR 3)

Soil samples collected at the same soil depth in each plot were combined on-site,
placed in plastic bags and transported to the laboratory on ice. A total of 48 mixed soil
samples (24 split plots x 2 soil layers) were collected from each forest type at each sampling
time. After removing stones and coarse roots, each soil sample was sieved through a 2 mm
sieve and divided into two parts. One part was air dried and the physical and chemical
properties were determined: soil pH (soil:water mass ratio 1:2.5), soil organic matter (SOC)
concentration (acid potassium dichromate oxidation), total nitrogen (TN) concentration
(Kjeldahl method), total phosphorus (TP) concentration (alkali fusion-molybdenum blue
method), and available phosphorus (AP) concentration (Olsen P method). The other was
stored at 4 °C for 48 h before measuring the soil moisture (SM, after drying at 105 °C for
48 h), carbon (C), nitrogen (N) and phosphorus (P) concentrations in soil microorganisms, as
well as NH;*-N and NO3 ™ -N concentrations (SEAL Auto Analyzer 3, SEAL, Norderstedt,
Germany). We calculated soil bulk density (BD) by the following equation: BD (g cm~3) =
soil fresh weight x (1-soil moisture)/soil volume.

Soil microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) con-
centrations were obtained by the chloroform fumigation-potassium sulphate extraction
method [23]. The dissolved organic carbon concentrations in fumigated and non-fumigated
filtrates were measured with a total organic carbon analyser (TOC, VCPH/CPN, Kyoto,
Japan). The total soluble nitrogen concentration in the filtrate was measured using a con-
tinuous flow analyser (Skalar San + +, Skalar, Delft, The Netherlands). Microbial biomass
phosphorus (MBP) concentration was obtained using the chloroform fumigation-NaHCOs3
extraction method [24] followed by spectrophotometry at 880 nm. These parameters were
calculated using the following formulas:

MBC = AEc /K¢ 4)
MBN = AEN /KN )
MBP = AEp/Kp /Kp; (6)

where AEC is the difference in dissolved organic carbon between fumigated and non-
fumigated soils, and Kc is the transformation coefficient (0.45). AEy is the difference in
total soluble nitrogen content between fumigated and non-fumigated soils, and Ky is
the transformation coefficient (0.57). AEp is the difference in AP between fumigated and
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non-fumigated soils, and Kp is the transformation coefficient (0.4). KPi = (test value of soil
added with KH;POy solution — test value of non-fumigated soil) /25 x 100%.

2.4. Fine Root Collection and Analysis

The roots obtained during soil collection were taken back to the laboratory for cleaning.
The fine root (diameter < 2 mm) fraction was obtained and morphological traits were
analyzed using the root analysis system WinRHIZO 2013 (Regent Instruments Inc., Quebec,
Canada). Next, they were dried in an oven at 65 °C to constant weight (48 h) and weighed
to determine fine root biomass. The dried roots were ground in a ball mill, and the powder
was used for elemental analysis. The C and N concentrations were obtained using an
element analyser (Elementar Vario EL III, Elementar, Germany). The P concentration was
measured using a continuous flow analyser (Skalar San + +, Skalar, Delft, The Netherlands)
after acid digestion (HCIO4, HySOy).

2.5. Statistical Analysis

We conducted two identical experiments using the same methods and timing, one in a
C. hystrix plantation and the other in a Q. aliena forest. Thus, the statistical analysis was the
same for both forests. In each forest, differences in the indexes at the same soil layer in the
two years under different treatments were explored through one-way analysis of variance
(one-way ANOVA). These indexes included soil physical and chemical properties, MBC,
MBN, MBP, fine root biomass and nutrient concentrations, and net nitrogen transformation
rates. In addition, differences in these indexes among different soil layers under the
same warming and trenching treatments were analyzed. Furthermore, effects of warming,
trenching, soil depth and interaction on soil physical and chemical properties, MBC, MBN,
MBP, fine root biomass and nutrient concentrations, and net nitrogen transformation rates
were examined by multi-way analysis of variance (multi-way ANOVA). We used Duncan’s
multiple range test for comparing means across treatments. The statistical analysis was
carried out using SPSS 25.0 software (SPSS Inc., Chicago, IL, USA). Images were plotted
using the R 4.4.0 software.

To quantify the effects of soil variables, microbial variables, and fine root variables
on NAR, NNR and NMR in soil, we employed the linear mixture model using the “Ime”
function in the R package “nlme”. The fixed effect terms included soil, microbial and fine
root variables. All variables were normalized before modeling so that each variable had a
mean of zero and a standard deviation of one. To reduce the effects of multicollinearity,
a variance inflation factor < 3 was used to identify multicollinearity variables in multiple
regression models [25]. We calculated the variance inflation factor using the R package
“car”. The pseudo-R2 was calculated using the function “r.squared GLMM” from the R
package “MuMIn” to represent the variance of the fixed effects interpretation in a linear
mixed model. The effect size of the fixed factor was measured by the regression coefficient
in the linear mixed model.

3. Results
3.1. Soil Physicochemical Properties

The influences of warming, trenching, soil depth and interaction on soil physical and
chemical properties varied with tree species (Table 1). For the C. hystrix plantation, the
ST (2.1%) and AP (21.3%) increased significantly at 10-20 cm soil depth after warming
compared to the unheated control (p < 0.05, Table 2). However, the difference between
different warming and trenching treatments in the same soil layer was not significant for
the other soil properties (p > 0.05, Table 2). In addition, the BD (32.5%—44.0%) and pH
(3.0%—4.2%) of the 10-20 cm soil layer increased significantly compared to the 0-10 cm soil
layer irrespective of warming or trenching treatments. Constantly, SOC, TN, TP, AP, C/P
and N/P ratios of the 10-20 cm soil layer decreased sharply to different extents compared
to the 0-10 cm soil layer for all treatments (p < 0.05, Table 2).

53



Forests 2024, 15, 1570

20 %u oS d6'¢c+ 808 ¥0F 191 qed 0’0 F+ 80 00 M €0 COFVL 80F0Z4 0 M g1 dTTFEvC VO0FT¥ o M ez VITF€9C ﬁ.omﬂmmm.mm 0201
covos  reTes 90F 0L PVI0F6ET oYy,  POFEI V1F 801 oy, verFess  voorry 3 verFese (o 010 1M
poRpe 69T 6T 80FTOL  aaroFs0 o q.00 eoFrl 90F 99 rode  degTFew  VooFey Yoo verFose o Hoo oz
v v e o v o e v S P q N ey _ L
G0 cg . A L0FS9T BVI0FST o feo 90F 91 9TFGIL z0%gz VETFLO  dO0OFLE roFsr  VETFOGL 02 01-0
q B e g q o S q o IS \4 N eq _
zotcg  A6TFL 90F g6l BIO0F60 0% e YOFCST LOFOL ross]  AE€LF9ST  VOOFTY roxyz  VIIFUN Loy 0z-01
c0Ves  coieen | S0FOOL  evzoF0T o Yoo 90FST  FIFOU Ve voeFsw  gooFrr o3, vieree (Y o0 Mo
il I . o il 0 S il R P v e ad .
COFTS d99F T'6L S0F 09l qqd 00 80 00F €0 €0F 60 T'LF7TL 00F ST d6'TF7T¢eC VO0+T¥ IroFoe d60F¢aC I'0F 892 0201
50 M - - ﬂ<o.o§ COF 191 BVIOFST M po  SOFIT LIFOTL 20 Mw.u VETFOW  d00F LT Hm__u s VILFTEL M<N.mm 01-0 2
N an N e I D1 ud (e-um3) (%) NS ©)1S  wdeq xopuy 1serog
"TTOT PUe TT0T Ut 39103 (VO) vuaty
snouanyy pue uoryeyuerd (D) x14yshAy sisdouvisv)y ayy ur senzadord peonusyooorsAyd f1os uo yydap [ros pue ‘Guryouai) “Sururrem jo 10954 g d[qeL
‘AToanpoadsar ‘1070 pue 600 > d 10§ ., pue , £q pajouap are saniqeqord yueoyrudig ‘snioydsoyd
€303 /ua8omu 18303 : I/ N ‘snzoydsoyd [e303 /uoqred orueSio [10s : /D) ‘ua8omTu [e30} /uoqred druedIo [1os :N /D ‘snioydsoyd s[qefreae :Jvy ‘snioydsoyd [ejoy
:d1 ‘ueSomTu daenIu NN ‘U9S0IIU WNIUOWWE NV U3011U [£30) (N L, {U0qIed d1uedIo [10S :DOS ‘AJISUsp qNq (g @IISIow [10s S ‘ernjeradurd) [10s 1S
0160 L2470 09%°0 166°0 6890 0610 76£°0 G680 L1L0 <0g0 98¢0 £5€°0 €640 AXLXM
T10T°0 £2€0 1o 6C5°0 18240 vL1°0 69¢°0 1600 01C0 LSY°0 €60 8900 aveo LXM
Geeo 4541} 8670 «8€0°0 €Le0 « 9700 9200 20 £89°0 £9T0 070 7610 0e8°0 axm
av6'0 8650 12C0 90€°0 1170 00T°0 1€C0 2650 8960 9760 71¥°0 040 €v6°0 ax.rL vO
*x 00070 %« 00070 *x 00070 %+ 00070 « 1100 8690 €200 xx 0000 *x 00070 xx 0000 «x000°0 ViaN(] *x 100°0 a
6¢¢’0 0cco S0 28¢0 8060 €180 0800 Y10 8900 £99°0 800 ¥89°0 610 L
8/8°0 9780 €82°0 8¢C0 16270 0SS0 G500 6650 9¢4'0 «x 000°0 0950 790 «x 000°0 M
G640 €980 6€5°0 1220 aeeo 0190 7760 8980 €90 q18°0 C¢Iy0 £06°0 7180 AXLXM
G820 £8€°0 7€6'0 .20 e 20¢0 qcL0 8490 G820 €0 g6¢0 76'0 9190 LXM
G800 [t} 2650 7890 0470 ¥89°0 846'0 20¢0 8¢L0 9Y<e0 G990 2940 710 axm
YLY0 £2L0 L1970 £06°0 199°0 £98°0 Qg6°0 444\l 6950 14€°0 6750 LLLO €40 axy HD
+ 000°0 #x 000°0 G810 «x 000°0 «« 000°0 L2120 xx 100°0 xx 000°0 +x 000°0 xx 000°0 +x 000°0 xx 800°0 + 000°0 a
6580 €990 6¥1°0 1€9°0 av8'0 8290 8240 G280 £59°0 6490 €960 €60 LLY0 L
T1€T°0 S6€0 1€€0 <q00 *x £00°0 ¥re0 148°0 0€40 04£9°0 £9¢°0 £86°0 8640 +x 00070 M
d UOHEHEA Sa10
d/N /D N/O dv dL NN NV NL 208 H ad NS LS J0 221m0g ¥ A

*38910§ (V) vuaiiy snouaongy pue uonyeyuerd (11D) x143sAy sisdouvisv) ayy ut septadord
[eotwayooodisAyd [10s uo uondeIUL IR} pue () ydap 10s ‘(1) Sunyouaay ‘(M) Sururem Jo 109559 oy} 10§ S}NSat VAONY Aem-InA ‘T 3[qeL.

54



Forests 2024, 15, 1570

"SIOLIO PIEPUE)S )M SUBIW Ik sanjeA 159} a8uer ajdnmnuw s, ueoun(g pue YAQONY Aem-auo uo
paseq “Juawueas) aures Ay 10J SYIdap [10S UeaMIaq SIOURISJJTP JULdTTUSIS 91edTpul s19)39] dsedraddn juaiayyrp pue idap [10s aures 9y J0J SJUAWIET) UdIMID] G0'0
> d ye saduaIaJJIP JUEdYIUSIS 9)edIPUT SI9}39] ISLIIIMO] JUSISJIIP ‘Un[od e Uz snioydsoyd [ejo3 /usSoniu [e103 :J/N ‘snioydsoyd [ej03 /uoqgred onuedio [1os

/D “uadoxu [e30} /uoqred druedio [1os :N /D ‘snioydsoyd ayqerreae :Jvy ‘snioydsoyd [e3os ;g1 uaSonu sjeniu (NN ‘U9S01IU WNTUOUWWE NV ‘Ud3013TU [€10}
NLL “uoqred oruedio [10s :DOS ‘ANSuap Y[nq (g @IMsIow [10s ;NS ‘@injeradwa) [10s ;1 "L M :Surppuail pue Sururrep /1 :Sunpuaiy ‘A Suruwrep /D ;[onuo))

4 AerFF6F  VFOFFIL  VFOFLT v 4 cd ! 49T F 661 N v CIFI9C RVOFLOZ 0201
€0FEF TOFS0 TOFL0  8TFeer  TOFSI TOFTS  TOF¥T
v . ) . . . . v v qey v v qeq q . . . . _ IM
covpo VEEFISL VVOFVIL  VTOF6T  goven  covsr 9rrwee  zovoe 023 eos o Lo, TIFTer  eL0FIIL 010
4 deEF 1P d€0FS0L  d10F0T 4 v v q 46TF ST °v vio CTF8T  dFOFSSL  0T-01
EOFTS 00FF0 E€OFTT  FEFIW  TOFOT 00F TS Fee
v V6FF908 VEOFSIL VIOTFOE v v av v v ®g 00 F 0° v OCLFS8L  Ar0Te6l 010 T
PO F 9 00FS0 TOF60  LIF98  TOFOE  LTFELE TOF6T
q —— S e q v eg q o Qv v N qe _
zoFog ACCFCHE VEOFVIL  dT0FEC  gpxpg  goFe0  grFLer  LoFre  A0CTFLE poFeyp  poxre  00FL6C poxger 0O
v S S o v v ey v v av a o qe oM
voFo, YEPTEVE  VEOFIC  VIOFTE o3¢0 zoF0  TeFL8  TOFFE  €T¢FIW 00F8F  T0Fer TLTO6C  poggrz 010 vO
a o o o q v ey q e ey v e o ~
codey LeFes veoFsm agoFre L. LYo W o aoTFsw Ve povpg  SOFEL aR0FSST 0z
v o O o v v qv v v ey q o o ~ >
yoFpy VOSTS8L VVOFEI  VVOFSE  go0xgg  zoFTT  SPFEOE TOFTE  0TFLULE T0F 0 T0Fer S0F8L  A¥0FLel 010
_9y
8w (D) g 8w ND (NP d (s w2 9) g
dIN an N/D i i z:m 7 N 505 H as (%) NS Q1S  wdsq xepuy 3sor0q

0D g d[qeL

55



Forests 2024, 15, 1570

For the Q. aliena forest, the ST was significantly increased by 6.3% (0-10 cm) and 6.5%
(10-20 cm) after warming, and also increased by 10.2% (0-10 cm) and 10.2% (10-20 c¢cm)
in the warming + trenching treatment. In addition, the NH;"-N concentration of the
Q. aliena forest increased significantly by 27.6% (0-10 cm) after warming, but the pH
decreased sharply by 4.4% (0-10 cm) and 4.5% (10-20 cm) (p < 0.001, Table 2). However,
there were no significant differences in the other soil properties between any warming and
trenching treatments in the same soil layer (p > 0.05, Table 2). Comparing the two soil layers,
the BD (12.8%-23.3%) and pH (3.8%—4.9%) of the 10-20 cm soil layer increased significantly
compared to those of 0-10 cm soil layer regardless of warming or trenching treatments.
However, SOC, TN, TP, AP, C/P and N/P ratios of the 10-20 cm soil layer decreased
sharply to different extents compared to those of the 0-10 cm soil layer in all treatments
(p <0.05, Table 2). In addition, there were significant interactive effects of warming and soil
depth on NH;"-N, NO;™-N and AP (p < 0.05, Table 1).

3.2. Soil Microbial Biomass

The effects of warming, trenching, soil depth and their interactions on MBC, MBN
and MBP, and their ratios were not obvious in the C. hystrix plantation (Table 3). Only
warming significantly affected the MBC concentration (p < 0.05, Table 3), while soil depth
and trenching did not influence MBC, MBN and MBP, or their ratios (p > 0.05, Table 3). In
addition, the interaction of warming and trenching significantly influenced the MBC/MBN
ratio in the C. hystrix plantation (p < 0.05, Table 3). Compared with the control, warming,
and warming + trenching slightly increased the MBC concentration by 14.3% and 63.3%,
respectively, but this was not significant (0-10 cm, p > 0.05, Figure la). In comparison
with the 0-10 cm soil layer, the MBC concentration at 10-20 cm decreased by 48.3% after
warming + trenching (p < 0.05, Figure 1a).

Table 3. Multi-way ANOVA results for the effect of warming(W), trenching (T), soil depth (D),
and their interaction on the concentration and ratios of microbial biomass carbon (MBC), microbial
biomass nitrogen (MBN), and microbial biomass phosphorus (MBP) in the Castanopsis hystrix (CH)
plantation and Quercus aliena (QA) forest.

Source of MBC/ MBC/ MBN/

Forest Variation MBC MEBN MBP MBN MBP MBP
W 0.019 * 0.152 0.860 0.741 0.244 0.353

T 0.706 0.855 0.488 0.718 0.353 0.365

D 0.067 0.853 0.886 0.264 0.266 0.385

CH TxD 0.346 0.680 0.121 0.581 0.521 0.377
W x D 0.233 0.302 0.377 0.303 0.284 0.329

W xT 0.349 0.201 0.550 0.042 * 0.495 0.348

WxTxD 0.418 0.530 0.654 0.976 0.498 0.380

w 0.089 0.001 ** 0.816 0.008 ** 0.759 0.049 *

T 0.167 0.921 0.078 0.435 0.157 0.960

D 0.000 ** 0.218 0.008 ** 0.200 0.507 0.368

QA TxD 0.004 ** 0.168 0.293 0.615 0.011 * 0.157
W x D 0.000 ** 0.097 0.292 0.059 0.357 0.615

WxT 0.858 0.849 0.122 0.479 0.383 0.297

Wx T xD 0.210 0.005 ** 0.040 * 0.362 0.358 0.061

Significant values are denoted by * and ** for p < 0.05 and 0.01, respectively.
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Figure 1. Concentrations and ratios of microbial biomass carbon (MBC), microbial biomass nitrogen
(MBN), microbial biomass phosphorus (MBP) under four treatments (Control: C; Trenching: T;
Warming: W; Warming and Trenching: WT) in the Castanopsis hystrix plantation (a—f) and Quercus
aliena forest (g-1). Different lowercase letters indicate significant differences at p < 0.05 between
treatments for the same soil depth, and different uppercase letters indicate significant differences
between soil depths for the same treatment. Bars indicate standard errors of means.

However, in the Q. aliena forest, warming greatly influenced the MBN, MBN/MBP
and MBC/MBN; soil depth significantly affected the MBC and MBP (p < 0.05, Table 3); but
trenching did not alter the MBC, MBN, MBP and their ratios (p > 0.05, Table 3). We also
found that there were significant interaction effects on the MBC, MBN, MBP concentrations
and the MBC/MBP ratio (p < 0.05, Table 3). The MBN concentration in the warming and
warming + trenching treatments decreased by 49.4% and 42.4%, respectively, compared
to the control (Figure 1h). This resulted in the MBC/MBN being increased by 207.6% and
226.2%, and the MBN/MBP being decreased by 69.6% and 80.1%, respectively (10-20 cm,
p < 0.05, Figure 1jk). Compared to the 0-10 cm soil layer, the MBN concentration at
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10-20 cm decreased by 48.5% after warming (p < 0.05, Figure 1h), while MBC/MBN and
MBC/MBP at 10-20 cm increased by 214.7% and 149.9%, respectively (p < 0.05, Figure 1j,1).
In addition, the MBN/MBP of the 10-20 cm soil layer in the control plot increased by
152.5% compared to those at 0-10 cm (p < 0.05, Figure 1k).

3.3. Fine Root Biomass and Nutrients

Warming, trenching, soil depth and their interaction effects on the fine root biomass
and nutrient concentrations varied with tree species (Table 4). In the C. hystrix plantation,
warming significantly increased the FRB of the 10-20 cm soil layer by 37.2% compared to
the control (p < 0.05, Figure 2b), but had no apparent influence on the Root C, Root N, Root P
concentration, and their ratios (p > 0.05, Figure 3a—f). In addition, trenching depressed fine
root biomass of C. hystrix, although there was no statistical difference between trenching
and the control (p > 0.05, Figure 2a,b). Overall, the FRB, Root N and Root P concentrations
all decreased with soil depth, especially in the control and warming + trenching treatments
(Figures 2 and 3).

Table 4. Multi-way ANOVA results for the effect of warming (W), trenching (T), depth (D) and
their interaction on the concentration and ratios of root carbon (Root C), root nitrogen (Root N), root
phosphorus (Root P) in the Castanopsis hystrix (CH) plantation and Quercus aliena (QA) forest, based
on FRB: fine root biomass.

Source of

Forest . . FRB Root C Root N Root P Root C/N Root C/P Root N/P
Variation

W 0.335 0.568 0.468 0.777 0.608 0.825 0.479
T 0.000 ** 0.179 0.357 0.787 0.231 0.648 0.736
D 0.000 ** 0.608 0.000 ** 0.001 ** 0.000 ** 0.004 ** 0.299
CH TxD 0.840 0.752 0.863 0.552 0.995 0.570 0.442
W x D 0.936 0.905 0.547 0.928 0.361 0.693 0.766
WxT 0.476 0.727 0.192 0.294 0.320 0.445 0.721
W xT x D 0.231 0.355 0.099 0.229 0.604 0.706 0.908

Y 0.536 0.971 0.004 ** 0.000 ** 0.009 ** 0.000 ** 0.004 **
T 0.001 ** 0.418 0.748 0.985 0.687 0.640 0.828
D 0.000 ** 0.355 0.000 ** 0.000 ** 0.000 ** 0.000 ** 0.975
QA TxD 0.312 0.488 0.662 0.403 0.879 0.679 0.487
W x D 0.924 0.861 0.565 0.581 0.137 0.111 0.695
W x T 0.560 0.592 0.770 0.465 0.741 0.276 0.316
WxTxD 0.560 0.822 0.954 0.352 0.873 0.372 0.283

Significant probabilities are denoted by ** for p < 0.01.

In the Q. aliena forest, warming significantly influenced Root N, Root P, Root C/N, Root
C/P and Root N/P, while trenching apparently influenced the fine root biomass (p < 0.05,
Table 4). The Root P concentration at 10-20 cm soil layer in the warming and the warming
+ trenching treatments decreased significantly by 26.2% and 23.8%, respectively, compared
to the control (p < 0.05, Figure 3i). As a result, the Root C/P (37.2% and 27.4%) and Root
N/P ratios (18.9% and 13.3%) increased significantly (p < 0.05, Figure 3k,1). Additionally,
Root N (21.4%-28.8%) and Root P concentrations (17.7%-31.1%) were significantly lower
in the 10-20 cm soil layer than in 0-10 cm soil layer (p < 0.05, Figure 3h,i). Consequently,
the Root C/N (31.3%-42.2%) and Root C/P ratios (21.1%—43.0%) were far higher in the
10-20 cm soil layer than in the 0-10 cm soil layer (p < 0.05, Figure 3j,1).
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Figure 2. Fine root biomass at two soil depths under four treatments (Control: C; Trenching: T;
Warming: W; Warming and Trenching: WT) in the Castanopsis hystrix plantation (a,b) and Quercus
aliena forest (c,d). Boxplots display the 25% and 75% quartiles, the median (horizontal line within the
box), and the maximum and minimum observed values within each dataset. Mean values are shown
in white circles and outliers are shown in red circles. Different lowercase letters indicate a significant
difference at p < 0.05 between treatments.

3.4. Soil Net Nitrogen Mineralization Rate

In the C. hystrix plantation, compared to the control, the NAR and NMR of the
0-10 cm soil layer decreased by 100.0% and 69.8% after warming (p < 0.05, Figure 4a,c).
However, the NNR of the 0-10 cm soil layer in the trenching and warming + trenching
treatments increased by 100.0% and 106.3%, respectively (p < 0.05, Figure 4b). In addition,
the NAR, NNR and NMR of the 10-20 cm soil layer decreased significantly by 24.3%-75.7%,
75.0%-87.5%, and 24.3%-75.7%, respectively, in comparison with those of the 0-10 cm
soil layer (p < 0.05, Figure 4a—c). We also observed that there was an interactive effect of
trenching and depth on the NNR; and the interactive effect of warming and soil depth on
the NAR and NMR (p < 0.01, Table 5).
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Figure 3. Concentrations and ratios of root carbon (Root C), root nitrogen (Root N), and root
phosphorus (Root P) under four treatments (Control: C; Trenching: T, Warming: W; Warming and
Trenching: WT) in the Castanopsis hystrix plantation (a—f) and Quercus aliena forest (g-1). Different
lowercase letters indicate significant differences at p < 0.05 between treatments for the same soil
depth, and different uppercase letters indicate significant differences between soil depths for the
same treatment. Bars indicate standard errors of means.

However, only soil depth had a significant influence on the NAR, NNR and NMR
in the Q. aliena forest (p < 0.001, Table 5). For example, the NAR (83.3%-125.5%), NNR
(82.4%-91.2%) and NMR (85.5%-107.3%) of the 10-20 cm soil layer significantly decreased
compared to those of the 0-10 cm soil layer (p < 0.05, Figure 4d—f).
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Figure 4. Rates of net mineralization (NMR), net nitrification (NNR) and net ammonification (NAR)

under four treatments (Control: C; Trenching: T; Warming: W; Warming and Trenching: WT) in

the Castanopsis hystrix plantation (a—c) and Quercus aliena forest (d—f). Different lowercase letters

indicate significant differences at p < 0.05 between treatments for the same soil depth, and different

uppercase letters indicate significant differences between soil depths for the same treatment. Bars

indicate standard errors of means.

Table 5. Multi-way ANOVA results for the effect of warming (W), trenching (T), depth (D) and their
interaction on soil net nitrogen transformation rates in the Castanopsis hystrix (CH) plantation and
Quercus aliena (QA) forest.

Forest Source of Variation NAR NNR NMR
W 0.015* 0.604 0.030 *

T 0.846 0.000 ** 0.244
D 0.000 ** 0.000 ** 0.000 **

CH TxD 0.900 0.000 ** 0.216
W x D 0.008 ** 0.736 0.009 **

WxT 0.783 0.731 0.875

W x T x D 0.227 0.912 0.232

Y 0.538 0.795 0.528

T 0.860 0.203 0.723
D 0.000 ** 0.000 ** 0.000 **

QA TxD 0.225 0.151 0.607
W x D 0.855 0.706 0.757

WxT 0.555 0.132 0.945

WxTxD 0.659 0.092 0.304

NAR: net ammonification rate; NNR: net nitrification rate; NMR net nitrogen mineralization rate. Significant
probabilities are denoted by * and ** for p < 0.05 and 0.01, respectively.

3.5. Factors Influencing the Net Nitrogen Transformation Rate

The 54%, 50% and 52% of the variation in NAR, NNR and NMR could be explained
by the predictor in the C. hystrix plantation. Specifically, ST had a significant negative
effect on NAR (standardized coefficient = —0.23 £ 0.09, p < 0.05), while Root P and FRB
had a significant positive effect on NAR (standardized coefficient = 0.5 + 0.2, p < 0.01;
0.4 £ 0.1, p < 0.05, Figure 5a). The MBN had a significant negative effect on NNR and NMR
(standardized coefficient = —0.4 £ 0.2, —0.3 £ 0.1, p < 0.05, Figure 5b,c), while the FRB had
a significant positive effect on NMR (standardized coefficient = 0.4 4+ 0.2, p < 0.05).
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Figure 5. Summary of the linear mixed-effect modeling for multiple biotic and abiotic factors on
net ammonification rate (NAR), net nitrification rate (NNR) and net nitrogen mineralization rate
(NMR) in the Castanopsis hystrix plantation (a—c) and Quercus aliena forest (d—f). The dots represent
the coefficients of the estimated effect size, and the lines represent standard errors. R?m represents
marginal R?, and R%c represents conditional R2.* p <0.05;** p <0.01; *** p < 0.001. ST: soil temperature;
SM: soil moisture; BD: bulk density; NH4: ammonium nitrogen; NOj3: nitrate nitrogen; TP: total
phosphorus; AP: available phosphorus; MBC: microbial biomass carbon; MBN: microbial biomass
nitrogen; MBP microbial biomass phosphorus; FRB: fine root biomass; Root C: fine root carbon; Root
N: fine root nitrogen; Root P: fine root phosphorus.

In the Q. aliena forest, 56%, 49% and 73% of the variation in NAR, NNR and NMR,
respectively, could be explained by the predictor. Among them, the ST had significant
positive effects on NAR, NNR and NMR (standardized coefficient = 0.3 + 0.1, 0.5 + 0.2,
p <0.05,0.5 £ 0.1, p < 0.01), and FRB had significant positive effects on NAR (standardized
coefficient = 0.4 + 0.1, p < 0.05), while NH4*-N had a negative effect on NAR (standard-
ization coefficient = —0.3 & 0.2, p < 0.05, Figure 5d). The MBN had a significant positive
effect on NNR (standardization coefficient = 0.2 £ 0.1, p < 0.05, Figure 5e); The influences
of NH4*-N, MBP and MBC on NMR were negative (standardized coefficient = —0.5 + 0.1,
p <0.001, —0.2 + 0.1, —0.1 £ 0.1, p < 0.05, Figure 5f).

4. Discussion
4.1. Warming Decreased Soil NAR and NMR in the Castanopsis Hystrix Plantation

In this study, the fine root biomass in the 10-20 cm soil layer in the C. hystrix plantation
increased significantly after continuous soil warming for 11 years, indicating that trees
probably increased the proportion of deep roots to cope with decreasing soil moisture
content caused by the long-term warming process [26]. This was also observed in the
studies of Wang et al. [27] and Zhao et al. [28] who found that fine root biomass had a
stronger response to warming in deeper soil layers. Nevertheless, the fine root biomass
at 0-10 cm in the C. hystrix plantation was not affected in the fourth and seventh years of
warming, suggesting that short-term mild soil warming (+1.5 °C) had minimal influence
on fine root growth in this soil horizon [18]. Previous studies have demonstrated that
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increasing the temperature by 4 °C had no influence on fine root biomass of 46-year-old
Picea abies (L.) H. Karsten, but biomass declined sharply when the ambient temperature
range was between +4 °C to +6 °C [29,30]. It is evident that the growth of fine roots is
closely related to the duration and magnitude of temperature increases.

Soil microbial biomass or community structure plays a crucial role in soil nitrogen
cycling [31]. In this study, the AP concentration in the 10-20 c¢m soil layer increased
significantly after warming for 11 years, indicating that long-term climate warming will
increase phosphorus availability in the south subtropical C. hystrix plantation. However,
MBC, MBN, MBP and their ratios remained unchanged after warming, indicating that
soil microbes did not benefit from the higher nutrient availability [32]. Unstable carbon
consumption caused by long-term warming [19] might be a major reason for limited soil
microbial biomass and nutrients as well as limited microbial reaction [33]. Previous studies
demonstrated that the responses of MBC and MBN contents in soil to warming might be
positive or negative. A meta-analysis study showed that MBC and MBN contents in soils
had strong positive responses to mid-term (3—4 years) or short-term (1-2 years) warming,
but their responses to long-term (5 years) warming tended to be weakened [34]. In this
study, the soil microbes may have adapted to the warming episode up to 11 years, so they
did not respond. In addition, the MBC content in soils shows relatively consistent positive
responses to different increased amplitudes of temperature. In contrast, MBN’s response
to a low increase amplitude of temperature (<1 °C) was negative, and its response to a
high increase amplitude of temperature (>2 °C) was positive. This might be related to
warming-induced changes in soil moisture and substrate supply [34].

Generally, the NMR of soil increases with an increase in temperature [35] because high
temperatures enhance the activity of soil microbes [36] and extracellular enzymes, and ac-
celerate the transformation of macromolecular organic matter into forms easily assimilated
by plants and microorganisms [10]. However, Gao et al. [37] found that long-term warming
(14 years) decreased soil nitrogen cycling of Mediterranean-climate annual grassland due
to a reduction in the abundance of relevant functional genes. In the present study, the
NAR of the 0-10 cm soil layer in the C. hystrix plantation also decreased significantly after
11 years of warming, which was opposite to our first hypothesis. On the one hand, the
Root P and fine root biomass (FRB) had significant positive effects on NAR (Figure 5a).
Specifically, warming increased the underground distribution of plant biomass by enhanc-
ing the growth and turnover of fine roots (Figure 2a,b) which secreted more carbon into the
soil [38], stimulating the growth of nitrogen cycling-related microorganisms [39]. In this
case, the microorganisms produce more extracellular enzymes, thus accelerating the soil
NAR. On the other hand, ST had a significant negative impact on NAR (Figure 5a). The
increase in temperature also would have accelerated the decomposition of labile carbon,
further accelerating microbial nitrogen immobilization by heterotrophic microbes. This is
consistent with the increase in MBN concentration in the 0-20 cm soil layer after warming
(Figure 1b), which would have decreased the substrate for soil ammonification and lowered
the NAR of soils [40]. Overall, the negative effect of ST on NAR was greater than the
positive effect of Root P and FRB, resulting in a significant decrease in NAR for the 0-10 cm
C. hystrix soil horizon under warming. The NMR and NAR of the 0-10 cm soil layer fell
sharply, while the NNR remained unchanged under warming conditions.

However, the NNR in the C. hystrix plantation increased by 100.0% and 106.3% after
trenching and warming + trenching treatments (Figure 4b). This suggests that the risk of
soil NO3™-N leaching loss during the wet season may increase after trenching, and it is
further intensified by long-term warming. In other studies on carbon input control based
on ditching, the NNR of soils also increased significantly after trenching was applied in
coniferous forests dominated by 27-year-old Pinus taeda L. [41], Pseudotsuga menziesii (Mirb.)
Franco and Tsuga heterophylla (Raf.) Sarg. [42]. The increase in NNR was explained as
follows: First, the NH4*-N absorption capacity of plants decreased after roots were cut,
while the residual substrate for nitrification (NH4"-N in soils) increased to accelerate the
NNR of soils [43]. Second, after plant roots were broken, dead roots and root exudates
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decreased as carbon sources for heterotrophic microorganisms, resulting in a decrease in
microbial biomass and the immobilization of NH,4* by soil microorganisms [44]. Further-
more, root severing would cause an increase in NH4* available to nitrifying bacteria and
an increase in the net nitrification rate due to the negative correlation between MBN and
NNR (Figure 5b).

4.2. Warming Did Not Change the NMR of Soils in the Quercus Aliena Forest

It could be expected that fine root biomass in temperate forests might show stronger
responses to warming than in subtropical or tropical forests [28,45]. However, we found
that warming had little effect on the fine root biomass in the temperate Q. aliena forest.
According to our early findings, the fine root biomass at 0-10 cm increased greatly in the
first four years of warming, but such positive effects began to be weakened in the fifth
year [20,21]. Short-term warming promotes fine root biomass, which may be caused by
a variety of factors. First, warming can extend the growing season of plants [46], which
has a positive impact on plant roots; Moreover, the experimental warming will increase
evapotranspiration and decrease soil water [20], leading to an increase in fine root biomass
to enhance water uptake. That fine root biomass was hardly affected in the 11th year of
warming in this study demonstrates that the warming effect fine on root biomass gradually
disappears as warming continues [27]. Warming can increase the availability of plant-
usable nitrogen in the soil (e.g., NH;*-N, Table 2). As a result, plants may not need to
allocate additional photosynthetic resources to fine roots for nutrient acquisition, limiting
the growth of fine roots under warming conditions [47].

We found that the MBN concentration in the 10-20 cm soil layer of the Q, aliena forest
decreased significantly after 11 years of warming, thus increasing the MBC/MBN but
decreasing the MBN/MBP ratios. However, the MBC and MBN of the 0-10 cm soil layer in-
creased significantly in the first three years of warming [21]. This suggests that the positive
response of soil microbial biomass also weakens gradually as warming continues. Short-
term warming-induced increases in air and soil temperature and a fresh C supply from
the plants” above- and below-ground parts might have enhanced microbial growth [48],
resulting in an increase in MBC and MBN. However, water losses due to long-term rising
temperatures may inhibit microbial growth [49], which eventually decreases the MBN but
not the MBC. The maintenance of MBC is probably because root-related C input had offset
losses of carbohydrates [12]. The sharp reduction in soil pH (Table 2) might be a major
reason for the decreased MBN in the 10-20 cm soil layer [50]. It has been suggested that
climate warming in temperate zones will inhibit the nitrogen fixation rate of soil microbes
and decrease soil microbial reserves [51], thus increasing the inorganic nitrogen content of
soils [52]. The considerable increase in NH4"-N concentration in the Q. aliena forest soils
(Table 2) supports this view. In our study, the sharp reduction in Root P and sharp increase
in Root N/P (Figure 3i k) under warming conditions are consistent with previous research
findings [27,28]. Ferric oxide, hydroxide and P adsorption by clay constituents in soils
increases with temperature, while low soil pH (Table 2) enhances the fixation of soil P [53].
Thus, further long-term warming is likely to further decrease P absorption in the Q. aliena
forest [54].

Warming usually improves the physiological activity of soil microbes, thus facilitating
the decomposition and release of soil organic nitrogen and increasing the nitrogen content
in soils [55]. Similarly, we found that NH4*-N concentration in soils increased significantly
after 11-year warming. However, warming had no significant influence on the NAR, NNR
and NMR of the Q. aliena forest, indicating that nitrogen transformation of soil microbes
in the temperate Q. aliena forest was less temperature sensitive than in the C. hystrix
plantation. This disagrees with our second hypothesis. On the one hand, the increase in
soil temperature promotes NH;*-N concentration due to enhanced microbial metabolism
and enzyme activity [56], thereby stimulating NMR and NAR. On the other hand, warming
induces a reduction in SM which can hinder substrate accessibility [19], thus counteracting
the temperature-induced stimulation of biochemical processes [51]. It seems that the
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negative effect of an increased NH,*-N concentration offsets the positive effect of ST on
the NMR and NAR of the Q. aliena forest, thus preventing significant fluctuation in NMR
and NAR after warming.

The NNR of Q. aliena forest soils also did not change greatly after warming. The
optimal temperature of nitrification is about 25-30 °C [57], which is higher than the soil
temperature during the warming treatment of the two-year growing season (18.7-21.6 °C)
in our site. Therefore, warming may promote NNR in the Q. aliena forest because it brings
the soil temperature close to the optimum. However, a significantly lower pH not only
leads to significant reductions in MBN (Figure 1h), but may also negatively affect the
growth and activity of nitrifying bacteria [53], thereby reducing NNR. Overall, the positive
effect of increased ST offsets the negative effect of decreased MBN, and therefore, the NNR
was not changed under warming conditions in the Q. aliena forest.

It is worth mentioning that there might be seasonal differences in the influences of
warming on soil nitrogen cycling of forests in different climatic zones. However, this
was not examined in our study as we limited our investigation to the wet seasons in two
successive years. Hence, further longitudinal studies concerning the influences of seasonal
changes on soil nitrogen cycling of forests in different climatic zones are needed.

5. Conclusions

This study found that soil nitrogen mineralization was more affected by long-term
warming in the subtropical C. hystrix plantation than in the temperate Q. aliena natural
forest. The sharp reduction in NAR and NMR of the C. hystrix plantation was mainly
because the increasing temperature promoted the nitrogen immobilization of heterotrophic
microorganisms and resulted in fewer substrates for NAR. The sharp rise in NNR caused by
trenching and warming + trenching was mainly related to the reduced NH4*-N absorption
of trenched plants and the reduced immobilization of NH4" by soil microorganisms. It
was unexpected that NAR, NNR and NMR did not change in the Q. aliena forest after
warming. This is because warming not only stimulates soil N mineralization by increasing
NHj*-N and reducing MBN, but also induces a reduction in SM which can hinder substrate
accessibility, thus counteracting the temperature-induced stimulation of N mineralization.
Therefore, the negative effect of increased NH;*-N and decreased MBN would have offset
the positive effect of ST on the NMR and NAR of Q. aliena forest. Overall, the different
responses of soil nitrogen mineralization to warming could be attributed to differences
in soil nutrient availability, fine root biomass and microbial biomass of forests in the two
climatic zones.
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Abstract: In this study, the near-naturalization process of Pinus tabulaeformis plantations in Baxi-
anshan National Nature Reserve was divided into three stages depending on the proportion of P.
tabulaeformis present, resulting in the following categories: the P. tabulaeformis forest stage, the mixed
forest stage, and the near-natural forest stage. Natural secondary forests were selected as a control.
We assessed alterations in the soil’s fungal functional structures from three aspects: functional mode,
vegetative mode, and growth mode, and their responses to vegetation and soil factors were also
explored. The results showed that ectomycorrhizal, saprophytic, and plant pathogen types were
dominant in the functional mode, and plant pathogens were most abundant in the P. tabulaeformis
forest stage. Meanwhile, ectomycorrhizal fungi were the least abundant in the near-natural forest
stage. In the vegetative mode, saprophytic, pathophysiological, and symbiotic types were domi-
nant, and pathophysiological types were the most abundant in the P. tabulaeformis forest stage. In
the growth mode, microfungi dominated, and the abundance of clavarioid decreased with near-
naturalization. The degree of variation in functional structure in the three dimensions increased
with near-naturalization, but the structure of natural secondary forests converged. The species
composition of tree layer obviously affected the abundance and functional structure of fungi in the
three modes, among which Quercus mongolia and Carpinus hornbeam were the most significant. The
soil’s pH and nitrate content significantly affected the structure of the functional mode, and the soil’s
dry matter content and C/N ratio significantly affected the structure of the vegetative mode. In this
study, we explored the interaction between the plant community and soil ecological system during
the near-naturalization process of plantations in terms of soil fungi functions, further clarifying the
role of soil functions in the succession of plant communities and providing a new perspective on the
in-depth exploration of ecosystem interactions during the succession of plantations.

Keywords: near-naturalization; functional structure; plant diversity; vegetation composition; soil
properties

1. Introduction

The forest ecosystem is the most complex and diverse terrestrial ecosystem; it has
important ecological functions such as primary productivity, nutrient biogeochemistry,
carbon fixation, oxygen release, and soil and water conservation [1]. Plantations are
an important type of forest ecosystem, and their characteristic large-scale planting can
satisfy demands for wood and effectively promote the carbon cycle [2]. However, due
to plantations’ single-tree species and simple structure, they can suffer from a lack of
diversity, which gives them a fragile structure and causes limited functioning [3]. The goal
of plantation management and care is to promote their development into a healthy and
stable community, and the ideal state is one in which both vegetation and soil ecosystems
have a structure and function close to, or even consistent with, those of regional original
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ecosystems. This includes active processes achieved through human participation in
management and natural development processes achieved through the interaction of
planted forests with natural tree species in the inner regions of the community [4].

Fungi are important components of soil ecosystems, and their composition and struc-
ture respond to changes in tree species during the development of the forest, and further in-
fluence the development of soil nutrients and the above-ground community structure [5,6].
During secondary succession, the composition and yield of vegetation change greatly,
which leads to changes in microbial communities within a short period of time [7]. How-
ever, natural succession has more utility than secondary succession in predicting the
long-term development of ecological succession [8,9]. The species and composition of
soil fungi are usually strongly correlated with the type of plant community and plant
species, which means that tree species act as important mediators in shaping the structure
of a soil fungal community. Studies have also shown that the composition, content, and
diversity of fungi are significantly correlated with habitat [10-12]. These previous studies
were only based on the similarity of the taxonomic composition of fungi. The authors
have previously discussed the characteristic responses exhibited by soil micro-organisms
during forest succession, focusing on their habitat-specialization adaptations [13]. How-
ever, functional structures that positively respond to ecological factors have rarely been
reported [14,15]. Different functional groups of fungi are closely related to plant nutrient
absorption, decomposition of organic matter, and the alleviation of plant diseases [16].
For example, mycorrhizal fungi can form mycorrhizas with plant roots in exchange for
C, N, P, and other resources obtained from the soil [17] to promote the absorption of nu-
trients into plants [18]. Studies have shown that mycorrhiza provides nearly half of the
organic nitrogen of trees and most of the new carbon in soil [19], while ectomycorrhiza
fungi and arbuscular mycorrhiza (mycorrhiza groups) input varying levels of nitrogen and
phosphorus to their hosts [20]. They also vary in their contribution of carbon to soil [21].
Saprotrophic fungi play a vital role in decomposing soil organic matter [22], and their
biochemical process affects the element cycling rate [23]. Previous studies have found that
fungal-driven ecosystem processes differ among different stand types [24]. Changes in
soil properties and tree species composition can lead to changes in the diversity and functional
structure of soil fungal communities [10,11]. Therefore, exploring the effects of forest community
succession on fungal community structure and diversity from a functional perspective is the aim
of this study, and we anticipate that it will more comprehensively show the interaction between
the forest plant community and soil ecosystem. The FUNGuild package in R programs [25-27]
has the advantage of directly analyzing and manipulating taxon data instead of genetic
loci, and can divide sequenced OTUs data into groups using three dimensions: functional
mode, vegetative mode, and growth mode. This makes it easier to explore responses to
ecological factors in terms of fungal functional structure.

Baxianshan National Nature Reserve is rich in natural species, and its diversity ranks
among the highest in the world among areas at the same latitude. However, its forest
ecosystem has historically been severely damaged, and only regional vegetation has been
preserved in the core area. In the 1950s, a large-scale Pinus tabulaeformis plantation was
established in the sparsely occupied area of the reserve, and the forest was closed. In
interacting with regional deciduous broad-leaved tree species over the past 70 years, P.
tabulaeformis plantations have gradually developed the characteristics of regional natural
forests and have formed mixed forests of P. fabulaeformis and a variety of regional deciduous
broad-leaved tree species [28]. This process fully reflects the ecological effects of the interac-
tion between artificial forests and regional tree species during near-natural development. In
this study, we hope to reveal changes in the functional abundance and functional structure
of soil fungi (in three dimensions) during near-naturalization, and explain their driving
mechanisms. We predict that (1) the degree of variation in functional structure will increase
as near-naturalization progresses; (2) changes in the composition of dominant tree species
in the plant community are the influences on the abundance and structure of functional
fungal groups in the process of near-naturalization; and (3) changes in soil physicochemical
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properties also affect the abundance and structure of functional groups to a certain extent.
Our study will provide a new perspective on the interaction between the plant community
and soil ecosystem during the establishment of plantations; we will also provide a scientific
basis for the healthy development and sustainable management of stands.

2. Materials and Methods
2.1. Description of Research Area and Setup of Quadrats

Baxianshan National Nature Reserve is located in the North China, at the eastern foot
of the Yanshan Mountains. Its original deciduous broad-leaved natural forests have been
well preserved since the Tertiary and Cenozoic periods. By the decline of the Qing Dynasty,
large numbers of primary forests were severely damaged. At the core of the reserve, a large
number of deciduous broad-leaved tree species were preserved, and the felled communities
began secondary succession and recovery, forming the existing natural secondary forest.
In 1954, a large-scale P. tabulaeformis plantation was established in a sparsely vegetated
area, and the mountain was closed for cultivation. During its interaction with the original
deciduous broad-leaved tree species, the P. tabulaeformis plantation’s natural characteristics
were restored, forming a sequence of naturalized plantations. Therefore, the succession
stands in this study represent a successful restoration project; the naturalized plantation
recovered after around 70 years, and natural secondary forests began to recover after
110 years. In this study, the restoration of P. tabulaeformis plantations was divided into
three distinct stages according to the proportion of P. tabulaefomis occupying a tree layer
within the community. The P. tabulaeformis forest stage was defined by the coverage of P.
tabulaeformis within the tree layer exceeding 90%, whereas the mixed forest stage had a
coverage ranging from 40% to 60%, and the near-natural forest stage featured less than 20%
coverage. For comparison, natural secondary forests were also chosen. Due to the rapid
growth of broad-leaved trees in the process of near-naturalization and their superiority in
competition, the area still occupied by the P. tabulaeformins forest stage is limited. Therefore,
we selected 3 quadrats from the P. tabulaeformis forest stage, 4 from the mixed forest stage,
6 from the near-natural forest stage, and 14 from the natural secondary forest stage for
control. The area of a single quadrat was 600 m? with 20 x 30 m, and the aspect of the
quadrats was mainly to the south (Table S1).

2.2. Analysis of Plant Community Structure and Diversity

The species name, DBH (diameter at beast height), and height of all trees with
DBH > 3 cm were recorded. DBH was measured using a tree gauge, and tree height
was calculated using a laser compass combined with trigonometric function.

2.2.1. Calculation of Importance Values

The importance value (IV) of each species was calculated with the following equa-
tion [29]. .
nj aj i
- Do * 100+ T 100+ S 100
3
where ni represents the number of individuals of the ith species; ai represents DBH; fi
represents number of quadrats in which the ith species existed; and s represents the total

number of species.

2.2.2. Biomass Calculation

Felling is prohibited in the protected area, and obtaining an allometry equation of
biomass by means of standard wood analysis is not advisable. Therefore, in this study, we
carried out biomass estimation using the allometry equation of biomass outlined in other
studies on nearby mountains (Table 1).
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Table 1. Allometry equation for calculating the biomass of each tree species in the tree layer.

Species Biomass Allometry Equation

Pinus tabulaeformis Y = e 141+6.92/T 5 pL03 o 108 4 1341 Y: (1), D: (m2), H: (m)
Y = 0.022337662(D?H)0-993056421 | (0 006221667 (D?H)1-008154429 .

Quercus variabilis 0.001179057(D?H)1-298105392 (0 018493229(D2H)0-671232912
0.014665102(D?H)? 930577264 y: (kg), D: (cm?), H: (m)

Robinia pseudoacacia Y = 0.020(D?H) + 1.974 Y: (kg), D: (cm?), H: (m)

Juglans mandshurica InY = —2.471 + 2.667 x In(D)

Quercus mongolica InY = —3.453 + 1.004 x In(D? + H)

Tilia amurensis
Other species

InY = —3.771 + 1.013 x In(D? + H)
InY = —2.560 + 2.308 x In(DBH) + 0.341 x InH Y: (g), D: (cm?), H: (m)

In the above formula, D is the chest height area, H is the tree height, and Y is the
biomass (see table).

2.2.3. a-Diversity Calculation

Based on the importance of each species in the quadrat, the richness index, Shannon-
Winner diversity index [30], Simpson diversity index [31], Shannon evenness index, Simp-
son evenness index, and Pielou evenness index (J) were calculated [32]. The richness index
indicates the number of species in the quadrat, and the remaining indicators are calculated

as follows: .
Shannon — Winner index = —2 P; x InP;
i=1
=Y, PlogP;
Pielou eveness index = _ “kia PilogP;
logm

m
Simpson index =1—)_

Shannon — Winner index

Shannon eveness index =
log(m)

Simpsonindex
log(m)
In the above formula, m signifies the count of species in the quadrat, N signifies the

total number of individuals of all species, and Pi signifies the importance value of the ith
species in the quadrat.

Simpson eveness index =

2.3. Determination of Soil Physicochemical Properties
2.3.1. Soil Sampling

Topsoil within a depth range of 0-10 cm was gathered using the five-point sampling
method, with the sampling locations positioned at the center point and the four corners
of each quadrat. The samples were gathered from the five locations within each quadrat,
blended thoroughly, and subsequently partitioned into two separate portions. This resulted
in a total of 54 soil samples. Half of the samples were preserved in liquid nitrogen for
subsequent molecular biological extraction and analysis, and the other half were kept at
ambient temperature and promptly transported back to the laboratory for physicochemical
evaluations.

2.3.2. Determination of Soil Indices

Soil pH was measured via the KCI dissolution electrode method, which is based on
the conversion of electromotive force values to obtain pH values; it is highly accurate and
suitable for soils of different pH ranges. A CN analyzer was employed to measure total ni-
trogen and total carbon content (Perkin-Elmer Optima8300), and the organic carbon content
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(SOC) was determined via the potassium dichromate oxidation method [33]. Various ionic
forms of nitrogen—including ammonia nitrogen (AN) and nitrate nitrogen (NAN)—were
determined using the KCl leaching spectrophotometric method [34,35]. Total phosphorus
(TP) was determined via microwave digestion spectrophotometry and available phospho-
rus (AP) by NH4F-HCl leaching spectrophotometry [36]. The soil’s dry matter content was
measured via the water content-gravimetric method [37]. Metrics of soil enzymatic activity,
including cellulase (CA), urease (UA), 3-glucosidase (GA), dehydrogenase (DHA), and
acid phosphatase (ACP) were measured using the method of Lin et al. [38].

2.4. Soil Microbial Sequencing and Annotation

DNA extraction, amplification and purification: Briefly, 0.5 g of each soil sample was
used to extract genomic DNA with the reagent kits (Manufacturer: Tiagen Biochemical Tech-
nology Co., Ltd., (Beijing, China) model: DP812), and then fungal ITS sequences (primer
ITS1F: 5-CTTGGTCATTTAGAGGAAGTAA-3; ITS2: 5'-GCTGCGTTCTTCATCGATGC-3')
were amplified [39]. The PCR products were purified and tested for purity and quantifica-
tion. A unique barcode was used to separate each sample to prevent cross-contamination.
The PCR system was as follows: 25 pL of Taq enzyme, 1 pL each of double-ended primers
(10 mM), and 3 pL of template DNA (20 ng - uL~1) supplemented with ddH,O to 50 pL.
The reaction conditions were as follows: pre-denaturation at 95 °C for 5 min, denaturation
at 95 °C for 30 s, annealing at 50 °C for 30 s (extended to 72 °C for 40 s), and a total of
25 cycles. Finally, the reaction was extended to 72 °C for 7 min.

Sequencing and data processing (1) Filtering of raw data: Trimmomatic [40] was ap-
plied to filter dual-end sequencing files. For example, for a 50 bp window, if the average
mass within the window was less than 20, the back-end base was truncated from the
window. (2) Identification and removal of primer sequences: Cutadapt (Version 1.9.1)
was utilized to identify primer sequences based on the specified parameters [41], which
tolerated a maximum error rate of 20% and required a minimum coverage of 80%. (3)
Splicing of double-ended reads: USEARCH (Version 10) [42] was employed for stitching
double-ended reads from samples, adhering to a minimum overlap length of 10 bp, allow-
ing a minimum similarity of 90% within the overlapping region, and tolerating a maximum
of 5 bp error bases. (4) Removal of chimera: The chimera criteria split the query sequence
into non-overlapping chunks, and compared these with the database. The best match for
each block in the database was selected, and finally the two best parental sequences were
selected. The sequence to be detected was compared with two parents. If the similarity
between the parent sequence and the query sequence was greater than 80%, the query was
judged to be a chimera. Chimeras were removed using UCHIME [43]. Each sample was
separated using a unique barcode to prevent cross-contamination.

OTU clustering and species annotation: Cluster analysis was executed utilizing UP-
ARSE with a 97% similarity threshold, followed by the application of the usearch command
to eliminate redundant sequences and standalone operational taxonomic units (OTUs)
during the process. Each clustered OTU was annotated into seven taxonomic classes of
boundary, phylum, order, family, genus, and species by utilizing the sine method, refer-
encing either the 165 rRNA Silva database or the ITS database in Unite. Consequently,
community abundance tables were generated for each taxonomic rank.

2.5. Prediction of Fungal Function

FUNGuild (Fungi Functional Guild) within the R program was used to conduct func-
tional analysis of fungal communities with OUT abundance > 1%, and the running results
were downloaded and screened. In order to improve the reliability of our predictions of fun-
gal functional groups, only two grades of confidence (“highly probable” and “probable”)
were retained [25].
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2.6. Data Processing and Analysis

An ANOVA test conducted via the Scheffe method was used to analyze the differences
between the plant diversity index, soil physicochemical properties, and abundance of soil
microbial functional groups in three dimensions among different stands. The significance
level was defined as 0.05. This analysis was implemented in the multicomp package of
the R program. The “corr.test” function within the vegan package in R language was used
to calculate the correlation coefficient (i.e., the Pearson coefficient) between the species
composition of the plant community, diversity index, soil physicochemical properties, soil
enzyme activity, and functional abundance of each dimension. The “Pheatmap” function
was used to draw heatmaps. The RDA redundancy function within the vegan package of
R software 4.2.2. was used to interpret the effect of species composition, diversity index,
soil physicochemical properties, and enzyme activity on the functional structure of the
fungal community. The Monte Carlo permutation test was used to analyze the significance
of factors influencing each explanatory variable in the RDA model, and it was performed
by means of the “anova.cca” function with 999 permutations. The correlation degree R?
and significance degree P of each factor’s contribution to the model were calculated using
the “envfit” function, and the graph was completed in the R language ggplot2 package.

3. Results and Analysis
3.1. Changes in Plant Community Structure and Soil Properties

The results showed that, during the naturalization of the Pinus tabulaeformis plantation,
the composition of the dominant species in the community tended to be stable, and the
plantation gradually developed into a mixed community of plantation and natural forest
with Quercus mongolica, Q. variabilis, and Juglans mandshurica as the dominant species. The
diversity of tree layer increased, exceeding that of the natural secondary forest in the
near-natural forest stage (Figure 1a—d). Soil pH value, dry matter content, and cellulase
and urease activities showed an increasing trend. The organic carbon, ammonia nitro-
gen content, and acid phosphatase activity decreased. Total carbon, total nitrogen, total
phosphorus, available phosphorus content, 3-glucosidase, and dehydrogenase activity
decreased first and then increased. The total organic carbon content and carbon-nitrogen
ratio increased first and then decreased (Table 2).
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Figure 1. Characteristics of a-diversity indices in different forest stands. (a) Simpson index;
(b) species richness; (c) Shannon-Winner index; (d) Pielou evenness index. Note: P represents
pure Pinus tabulaeformis forests, M represents mixed forests, NNF represents near-natural forests, and

NF represents natural forests.
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Table 2. Soil chemical properties and enzyme activities of near-naturalized stand and natural
secondary forest (SOC, soil organic carbon; AP, available phosphorus; TP, total phosphorus; TC, total
carbon; TN, total nitrogen; C/N, carbon—nitrogen ratio; DW, dry matter content; CA, cellulase; UA,
urease; GA, 3-glucosidase; DHA, dehydrogenase; ACP, acid phosphatase).

Soil Indicator P M NNF NF

SOC (mg»kg’l) 79.40 £+ 14.02 95.88 + 13.18 79.94 4+ 17.85 105.41 £+ 21.03
AP (mg-kg™1) 38.58 + 32.35 33.89 + 43.06 45.40 £+ 10.99 40.28 + 33.67
TP (mg-kg™}) 545.80 + 159.6 472.02 + 88.10 563.10 + 193.3 532.09 + 1594
NO;—N (mg-kg’l) 13.32 +£2.26 9.97 + 3.55 1542 £3.73 21.17 £ 8.00
NH;*-N (mg~kg’1) 8.10 + 0.72 8.72 +7.46 4.84 + 3.05 10.50 £ 3.98
pH 479 +0.19 4.64 +0.34 5.85 +0.38 5.74 4+ 0.88
DW (%) 95.71 + 1.19 97.11 £ 0.97 96.73 £ 3.27 95.89 £ 1.90
TC (%) 7.18 £+ 3.55 5.16 + 0.37 715+ 1.16 7.55 +2.78
TN (%) 0.52 +0.26 0.36 + 0.04 0.56 + 0.12 0.61 & 0.06
C/N 13.87 = 1.26 14.55 £ 0.71 12.97 £ 0.77 12.35 £ 0.86
CA (ug‘g’1~min’1) 0.10 + 0.09 0.18 = 0.05 0.20 = 0.10 0.21 £ 0.06
UA (pgg’l-h’l) 523 £1.63 5.24 +1.81 9.61 +1.34 8.98 +£2.78
GA (ng-g 'h™) 0.83 £ 0.78 1.24 £ 0.98 1.01 £ 0.51 0.59 &+ 0.54
DHA (pg-g '-h1) 0.39 +0.35 0.61 + 0.54 0.46 + 0.37 0.33 +£0.38
ACP (ug-g ''min~1) 583+ 1.10 529 +1.29 436 +£1.52 6.85 + 3.73

Mode

3.2. Influence of Near-Naturalization on the Abundance of Fungal Functional Groups

The results showed that the abundance of ectomycorrhizal fungi, saprophytic fungi,
and plant pathogens dominated in the functional mode groups. The abundance of plant
pathogens in the P. tabulaeformis forest stage was significantly higher than in other stages,
and the abundance of ectomycorrhizal fungi in the near-natural forest stage was signifi-
cantly lower than in other stages (Figure 2). The abundance of saprophytic, pathophysio-
logical, and symbiotic nutrition dominated in the vegetative mode group. The abundance
of pathotrophic fungi in the P. tabulaeformis forest stage was significantly higher than that
in other stages, which was consistent with the highest abundance in functional mode. The
abundance of symbiotroph in the near-natural forest stage was significantly lower than in
other stages, which was also consistent with the ectomycorrhizal fungi in the functional
mode group (Figure 3). The abundance of microfungi accounted for 53.06% of the growth
mode group, which was the dominant group. The abundance of clavarioid decreased with
the naturalization process (Figure 4).

Functional mode classfication among forest types
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Figure 2. Changes in the abundance of functional mode of soil fungi during near-naturalization.
Notes: P, Pinus tabulaeformis forest stage; M, mixed forest stage; NNF, near-natural forest stage; NF,
natural secondary forest.
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Figure 3. Changes in the abundance of soil fungal nutrient mode in near-naturalization P, Pinus tabulaeformis
forest stage; M, mixed forest stage; NNE near-natural forest stage; NF, natural secondary forest.
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Figure 4. Changes in the abundance of soil fungal growth mode during near-naturalization. P, P. tabulaeformis
forest stage; M, mixed forest stage; NNE near-natural forest stage; NF, natural secondary forest.

3.3. Correlation between Vegetation and Soil Properties, and the Abundance of Soil Fungal
Functional Groups

The diversity of the tree layer rarely correlated with the abundance of functional
groups in the three groups. In the functional mode, the biomass of tree layer was signif-
icantly positively correlated with litter saprotroph and soil saprotroph, but significantly
negatively correlated with the abundance of epiphyte-litter saprotroph (Figure 5). In the
vegetative mode, the highest positive correlation coefficient was found in the biomass
and the abundance pathotroph—saprotroph groups (Figure S1). In the growth mode, only
the Shannon evenness index and Simpson evenness index showed a significant positive
correlation with the abundance of yeast-type fungi (Figure S2).

76



Forests 2024, 15, 1540

al
Undefned Saprotroph l
Plant Pathogen

Saprotroph 04

AnlmarPalhogen
Dung Saprotroph-Undefined Saprotroph-Wood Saprotroph

Endophyte-Plant Pathogen 02
Endophyte-Lichen Parasite-Plant Pathogen-Undefined Saprotroph

Wood Saprotroph

Ectomycorrhizal-Fungal Parasite 0
Ectomycorrhizal-Fungal Parasite-Plant Saprotroph-Wood Saprotroph

Fungal Parasite

Plant Saprotroph-Wood Saprotroph 0.2
Plant Pathogen-Undefined Saprotroph

Dung Saprotroph-Plant Saprotroph

Animal Pathogen-Endophyte-Epiphyte-Fungal Parasite-Plant Pathogen-Wood Saprotroph 04

Endophyte

Epiphyte .
Fungal Parasite-Plant Pathogen-Wood Saprotroph

Fungal Parasite-Wood Saprotroph

Fungal Parasite-Plant Pathogen-Plant Saprotroph
Ectomycorrhizal-Undefined Saprotroph-Wood Saprotroph
Plant Pathogen-! Wood Saprotroph

Fungal P: it Undefines
Dung Saprnlroph F‘Iam ‘Saprotroph-Wood Sapratraph
= 5 Orchid Mycorrhizal

Animal Pathogen-Endophyte-Endosymbiont-Epiphyte-Soil Saprotroph-Undefined Saprotroph
Litter Saprotroph
Animal Parasite-Fungal Parasite
Algal Parasite-Fungal Parasite-Undefined Saprotroph
_ Dung Saprotroph-Endophyte-Undefined Saprotroph
Endophyte-Plant Pathogen-Undefined Saprotroph
Plant Saprotroph
Soil Saprotroph-Undefined Saprotroph
Animal Pathogen-Undefined Saprotroph
Lichenized
Arbuscular Mycorrhizal
Lichenized-l Saprotropl
Dung Saprotroph-Plant Saprotroph-Sail Saprotroph
Endophyte-Plant Pathogen-Waood Saprotroph
Animal Pathogen-Endophyte-Undefined Saprotroph
Dung Saprotroph Flant Parasite-Soil Saprotroph-Undefined Saprotroph-\Wood Saprotroph
Dung Sap! ph-Wood Sap ph
Endaphyle Insect Pa(hngen
Dung Saprotroph-Soil Saﬁroﬁoph
Epiphyte-Litter Saprotropl

I Dung Saprotroph
[ [ Plant Pathogen-Plant Saprotroph

8

=]

IHS

s

3HS
Ell

3d
uouueys

Figure 5. Correlation between tree layer diversity index and the abundance of soil fungi functional
mode groups. B, biomass; R, richness index; SHI, Shannon—Wiener index; SII, Simpson index; SHE,
Shannon—Wiener evenness index; SIE, Simpson evenness index; PE, Pielou evenness index. * means
the significance level p < 0.05, ** means the significance level p < 0.01.

The composition of tree species has been shown to correlate significantly with the
abundance of functional groups in the three dimensions. In the functional mode, the
importance value of Carpinus turczaninowii showed a significant positive correlation with
the ectomycorrhizal group, but a negative relationship with most other functional mode
groups. The importance value of Q. mongolica was also significantly correlated with the
abundance of various functional mode groups, and in some, the correlation coefficient
exceeded 0.8. The importance value of Tilia amurensis significantly correlated with the
ectomycorrhizal-unknown and saprophytic fungi (Figure 6). In the vegetative mode, the
importance values of most tree species were negatively correlated with the most abundant
types (e.g., the saprophytic and pathophysiological). The importance of C. turczaninowii was
positively correlated with the abundance of symbiotroph, Tilia amurensis with saprotroph—
symbiotroph, and Q. mongolica with pathotroph—-symbiotroph and pathotroph-saprotroph—
symbiotroph. (Figure S3). In the growth mode, no significant relationship could be
found between the tree species composition and the most abundant types of growth mode
(Figure S4).

Soil physicochemical properties showed a strong correlation with the abundance of
functional and growth mode types, but a weak correlation with the abundance of vegetative
mode. In the functional mode, ectomycorrhizal fungi with the highest abundance showed
no significant correlation with soil physicochemical properties. Soil pH correlated posi-
tively with the abundance of orchid mycorrhizal and litter saprotroph. Soil organic carbon
negatively correlated with plant pathogens and ectomycorrhizal-saprotroph-wood sapro-
troph, but correlated positively with wood saprotroph. Total nitrogen correlated positively
with ectomycorrhizal-fungal-parasite-plant groups, pathogen-wood saprotroph bacteria,
epiphytes, and plant pathogen—wood saprotroph. Soil ammonium nitrogen correlated
positively with soil saprotroph—undefined saprotroph. All of the above relationships were
significant (Figure 7). In the vegetative mode, the nitrate nitrogen content was significantly
positively correlated with saprotroph, which was the most abundant type. Soil organic car-
bon content was negatively correlated with pathotroph, and a similar negative relationship
was found between pathotroph—saprotroph and soil dry matter content (Figure S5). In the

77



Forests 2024, 15, 1540

growth mode, available phosphorus content was significantly negatively correlated with
the abundance of microfungus and agaricoid—corticioid—gasteroid—secotioid, but positively
correlated with the abundance of clavarioid. In addition, the soil organic carbon, total
phosphorus, total nitrogen content, pH, dry matter content, and carbon-nitrogen ratio were
also strongly correlated with the abundance of the growth mode group (Figure S6).

** Ectomycorrhizal
Undefined Saprotraph 0.8
U Plant Pathogen

Ectomycorrhizal-Undefined Saprotroph 06
Animal Pathogen

ung Undefined Sapi ph-Wood Sapi ph
Endaphyte-Plant Pathogen 0.4
Endophyte-Lichen Parasite-Plant Pathogen-Undefined Saprotroph
‘Wood Saprotroph
Ectomycorrhizal-Fungal Parasite
Ectomycorrhizal-Fungal Parasite-Plant Saprotroph-Wood Saprotroph
Fungai Parasite 0
Plant Sap -Wood
Plant Pa!hngen Undaﬁned Sapmlmph

Dung Saprotroph-Plant Saprotroph 0.2
Animal Pathogen-Endophyte-Epiphyte-Fungal Parasite-Plant Pathogen-Wood Saprotroph
= Endophyte . 0.4
Epiphyte

rhizal-Fungal Parasite-Plant Pathogen-Wood Saprotroph
Fungal Parasite-Wood Saprotroph
Fungal Parasite-Plant Pathogen-Plant Saprotroph
| | Ectomycorrhizal-Undefined Saprotroph-Wood Saprotroph

| | Plant Pathagen-! Wood Saprotraph
- Fungal Parasite-S ph-Undefined Sapi

Dung Saprotroph-| Plant Saprolrcph =Wood Sapro(roph
& Orehid Mycorrhizal
Animal Pathogen-Endophyte-Endosymbiont-Epiphyte-Soil Saprotroph-Undefined Saprotroph
: Litter
Animal Paraslte Fungal Parasite
Algal Parasite-Fungal Parasite-Undefined Saprotroph

[ | Dung Saprotroph-Endophyte-Undefined Saprotroph

Plant gen-Undefined Sapi ph

Plant

Soil Saprctroph Undeflned Saprotroph

Animal Pathogen-Undefined Saproftroph

Lichenized

LiT Arbuscular Mycorrhizal

o Lichenized-Undefined Saprotroph

Dung Saprotroph-Plant Saprotroph-Soil Saprotroph
1 Endophyte-Plant Pathogen-Wood Saprotroph
Animal Pathog: phyte-Undefined Sap pl
Dung p p DIamP ite il Sap ph-Undefined Sap ph-Wood Saprotroph
L Soil Saprotroph-Wood Sap P

Endophyte—\nsect Pathogen

plphyte Lmer Sapmlmph
Dung Saprotroph
| [ Plant Pathogen-Plant Saprotroph

- N ®w k0 @ 9~ o ©

3

Figure 6. Correlation between species composition in the tree layer and the abundance of soil fungi
functional mode groups. 1. Pinus tabulaeformis; 2. Quercus variabilis; 3. Juglans mandshuruca; 4. Quercus
mongolica; 5. Tilia amurensis; 6. Fraxinus chinensis; 7. Carpinus turczaninowii; 8. Quercus aliena; 9. Quercus
dentata; 10 Tetradium daniellii. * means the significance level p < 0.05, ** means the significance level p < 0.01.
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Figure 7. Correlation between soil properties and the abundance of fungal functional mode groups
in soil. SOC, soil organic carbon; AP, available phosphorus; TP, total phosphorus; NAN, nitrate
nitrogen; DM, dry matter content; TC, total carbon; C.N, carbon—nitrogen ratio; TN, total nitrogen;
AN, ammonia nitrogen. * means the significance level p < 0.05, ** means the significance level p < 0.01.
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Metrics of soil enzyme activity such as soil urease, acid phosphatase, and dehydro-
genase were strongly correlated with functional mode groups, but cellulase showed no
significant correlation. Dehydrogenase activity significantly positively correlated with the
abundance of saprotroph (Figure 8). In the vegetative mode, no significant correlation
was found between soil enzyme activity and highly abundant types (Figure S7). Among
the growth mode groups, urease activity was significantly negatively correlated with the
abundance of the agaricoid—corticioid-gasteroid-secotioid type (Figure S8).
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Figure 8. Correlation between soil enzyme activity and the abundance of soil fungi functional mode
groups. CA, cellulase; UA, urease; GA, 3-glucosidase; ACP, acid phosphatase; DHA, dehydrogenase.
* means the significance level p < 0.05, ** means the significance level p < 0.01.

3.4. Effects of Near-Naturalization on the Functional Structure of Fungal Community of Soil
Fungi
The results showed that the variation in community structure in the functional mode

group and vegetative mode group in the first two axes of PcoA was 64.05% and 70.73%,
respectively. With near-naturalization, the distribution of the co-ordinate points of the
two modes on the PcoA axis 2 diverged, indicating that the degree of variation increased.
On the contrary, the co-ordinate points of natural secondary forests were concentrated,
indicating convergence of community structure. This indicated that the distribution of
the functional mode and vegetative mode of soil fungi in areas without afforestation and
restored near-naturalization was relatively stable. In the process of near-naturalization,
the changes in the dominant plant species caused changes in soil nutrients and enzyme
activity, which led to the recombination and distribution of soil fungi in functional and
vegetative dimensions. The variation in the growth mode’s group structure in the first two
axes of PcoA reached 70.73%, and the community structure of the near-naturalized forest
stages showed a tendency to diverge on both axes 1 and 2, while the growth mode group
structure of the natural secondary forest still showed convergence (Figure 9).
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Figure 9. Differences in the functional structure of soil fungal communities at different stages of
naturalization: (a) functional mode; (b) vegetative mode; (c) growth mode. P: P. tabulaeformis forest
stage; M: mixed forest stage; NNF: near-natural forest stage; NF: natural secondary forest.

3.5. Factors Influencing the Near-Naturalization of the Soil Fungi Community’s Functional Structure

The Monte Carlo test was used to explore the effects of the diversity and species
composition of the tree layer, soil physicochemical properties, and enzyme activity on
the functional structure of the fungal community. The results indicated a non-significant

0.4
0.3
0.2
A
0.1 °©
A
(o] X
0.04 o
B, o
(o] X
014 * | : :
0.0 0.2 0.4
PCoA X1: 46.09 %
(a)
0.4
0.3
0.2
A
0.1 o
0 o ax
0.0+ % o)
_|,_
le¥ Eé(?‘ o
-0.1_ + T T T T T
00 01 02 03 04
PCoA X1: 48.1 %
(b)
X
0.2
° +
o)
x o]
0.0 e,
S
(o]
A
,0.2_
-0.44 A
.04 02 0.0
PCoA X1: 48.1 %
(0

correlation (Table 3).

foresttype
X M
O NF
A NNF
+ P

foresttype
X M

O NF

A NNF

+

foresttype
X M

NF

NNF

+ b o

80



Forests 2024, 15, 1540

Table 3. Results of the Monte Carlo test used to evaluate the influence of plant and soil environmental

factors on three dimensions of the fungal community’s functional structure.

Soil Physicochemical Properties Plant Diversity Plant Composition Enzyme Activity
Functional mode R=0.021 R=-0.130 R =0.098 R=-0.099
p=0417 p=0.983 p=0.229 p=0.79%
Vegetative mode R =0.048 R=-0.128 R =0.055 R=-0.107
p=0.302 p=0.892 p=0.343 p=0.798
Growth mode R =0.053 R=-0.151 R=0.111 R=-0.114
p=0.333 p=0.929 p=0.195 p=0.859

3.5.1. Influence of Tree Layer Diversity

The Monte Carlo test of RDA analysis showed that the indices of diversity had no
significant effect on the functional structure of the three dimensions (Table 4). The two-
dimensional RDA map showed that the diversity of the first two axes of the RDA model in
functional mode, vegetative mode, and growth mode reached 50.89%, 79.33%, and 61.17%,
respectively. For the functional mode, the biomass and evenness index correlated most
strongly with structural changes in functional mode groups, especially the P. tabulaeformis
forest stage and the mixed forest stage (Figure 10). For the vegetative mode, the even-
ness index also showed a strong correlation with structural changes, and the Shannon
diversity index and biomass had a strong correlation with structural changes in natural
secondary forests (Figure S9). For the growth mode, the community structure had the
most significant response to the evenness index, which was consistent with the change
between the P. tabulaeformis forest stage and the mixed forest stage. Meanwhile, the change
in community structure from the mixed forest stage to the near-natural forest stage showed
obvious consistency with both the Pielou evenness index and the Shannon diversity index

(Figure S10).
0.4 N
+
| |
0.2 A
. A
c\ j~
[y S
W <
.< = \A o,
N
<« 0.0 T
Q A
-4 + A
+ . 5
A
0.2 R
A
A
TA

0.2 0.0 0.2 0.4 0.¢
RDA1 33.32 %

foresttype ®* M 4 NF = NNF + P

Figure 10. RDA analysis results of plant diversity on functional structure of soil fungal community
in functional mode. Note: P: P. tabulaeformis forest stage; M: mixed forest stage; NNF: near-natural
forest stage; NF: natural secondary forests; B: biomass; R: richness index; SHI: Shannon-Wiener index;
SII: Simpson index; SHE: Shannon-Wiener evenness index; SIE: Simpson evenness index; PE Pielou

evenness index.
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Table 4. Monte Carlo test results of the RDA model and the influence of plant diversity factors on
the functional structure of the soil fungal community in three dimensions. B, biomass; R, richness
index; SHI, Shannon-Wiener index; SII, Simpson index; SHE, Shannon-Wiener evenness index; SIE,
Simpson evenness index; PE, Pielou evenness index.

Functional Mode Vegetative Mode Growth Mode

R? 4 R? 4 R? p
B 0.197 0.075 0.088 0.331 0.021 0.788
R 0.010 0.858 0.039 0.552 0.013 0.855
SHI 0.006 0.936 0.015 0.809 0.005 0.934
SII 0.009 0.905 0.006 0.938 0.017 0.801
SHE 0.095 0.291 0.031 0.710 0.050 0.548
SIE 0.134 0.176 0.075 0.387 0.113 0.265
PE 0.017 0.802 0.015 0.844 0.063 0.442
Shannon 0.001 0.999 0.042 0.588 0.031 0.662

3.5.2. Influence of Vegetation Composition

The Monte Carlo test results of RDA analysis showed that the changes in tree layer
composition during near-naturalization had significant effects on soil fungal structure
in three dimensions, among which the abundance of Quercus mongolica and Carpinus
turczaninowii were the most significantly correlated (Table 5). RDA analysis revealed that
the interpretation rates of species composition in the structure of functional, vegetative, and
growth modes of soil fungi were 40.16%, 75.4%, and 48.25%, respectively. The changes in the
functional and growth modes of the fungi community structure during near-naturalization
responded positively to the increase in the importance of Quercus mongolica and Carpinus
turczaninowii within the community (Figures 11 and S11). The changes in the structure of
fungal vegetative mode mainly correlated positively with the changes in the importance
value of Carpinus turczaninowii (Figure S12).

0.75

RDA2 17.83 %

-0.25

-0.5 0.0
RDA1 22.33 %

foresttype ® M 4 NF = NNF + P

Figure 11. RDA analysis of the influence of plant species composition on the functional structure
of the soil fungal community in functional mode. P, P. tabulaeformis forest stage; M, mixed forest
stage; NNF, near-natural forest stage; NF, natural secondary forests; 1. Pinus tabulaeformis; 2. Quercus
variabilis; 3. Juglans mandshuruca; 4. Quercus mongolica; 5. Tilia amurensis; 6. Fraxinus chinensis;
7. Carpinus turczaninowii; 8. Quercus aliena; 9. Quercus dentata; 10. Tetradium daniellii.
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Table 5. Monte Carlo test of the RDA model and plant species composition factors influencing
the functional structure of the soil fungal community in three dimensions. 1. Pinus tabulaeformis;
2. Quercus variabilis; 3. Juglans mandshuruca; 4. Quercus mongolica; 5. Tilia amurensis; 6. Fraxinus
chinensis; 7. Carpinus turczaninowii; 8. Quercus aliena; 9. Quercus dentata; 10. Tetradium daniellii. Bold
indicates a significance level < 0.05.

Functional Mode Vegetative Mode Growth Mode

R? p R? p R? p
1 0.025 0.696 0.050 0.473 0.052 0.487
2 0.046 0.529 0.011 0.899 0.110 0.241
3 0.021 0.739 0.058 0414 0.019 0.781
4 0.832 0.001 0.867 0.002 0.754 0.001
5 0.004 0.887 0.116 0.134 0.034 0.530
6 0.019 0.688 0.050 0.378 0.026 0.676
7 0.349 0.043 0.410 0.028 0.303 0.050
8 0.001 0.984 0.015 0.839 0.000 0.998
9 0.145 0.125 0.000 0.984 0.020 0.574
10 0.018 0.761 0.016 0.834 0.087 0.316

3.5.3. Influence of Soil Physicochemical Properties

The Monte Carlo test results of RDA analysis showed that soil pH significantly affected
the structure of the functional mode, while pH, organic carbon content, and soil water
content significantly affected the structure of the vegetative mode. Soil organic carbon,
total nitrogen content, and carbon to nitrogen ratio significantly affected the structure of
the growth mode (Table 6). The RDA analysis showed that the model’s interpretation
of soil properties in the functional, vegetative, and growth modes returned values of
45.26%, 70.16%, and 51.52%, respectively. The functional mode of the community structure
responded positively to the changes in soil pH during near-naturalization and showed a
strong correlation with nitrate nitrogen content, however, it had an opposing relationship
with changes in available phosphorus and organic carbon content (Figure 12). The variation
in vegetative mode was most consistent with changes in dry matter content and C-N ratio
during near-naturalization (Figure S13). Soil properties did not show significant effects on
the structure of the growth mode during near-naturalization (Figure S14).

Table 6. Monte Carlo test of the RDA model and the influence of soil physicochemical properties on
the functional structure of the soil fungal community in three dimensions. SOC, soil organic carbon;
AP, available phosphorus; TP, total phosphorus; NAN, nitrate nitrogen; DM, dry matter content; TC,
total carbon; CN, carbon-nitrogen ratio; TN, total nitrogen; AN, ammonia nitrogen. Bold indicates a
significance level < 0.05.

Functional Mode Vegetative Mode Growth Mode

R? % R? r R? p
SOC 0.073 0.408 0.258 0.037 0.231 0.037
AP 0.020 0.815 0.128 0.203 0.100 0.291
TP 0.004 0.949 0.014 0.845 0.081 0.350
NAN 0.130 0.207 0.185 0.080 0.089 0.315
pH 0.394 0.002 0.232 0.043 0.180 0.092
DM 0.032 0.679 0.242 0.031 0.036 0.648
TC 0.074 0.390 0.027 0.739 0.138 0.161
CN 0.138 0.165 0.068 0411 0.270 0.019
™ 0.135 0.171 0.042 0.599 0.249 0.028
AN 0.137 0.166 0.086 0.314 0.187 0.085
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Figure 12. RDA analysis of the influence of soil physicochemical properties on the functional structure
of the soil fungal community in functional mode. P, P. tabulaeformis forest stage; M, mixed forest stage;
NNEF, near-natural forest stage; NF, natural secondary forests; SOC, soil organic carbon; AP, available
phosphorus; TP, total phosphorus; NAN, nitrate nitrogen; DM, dry matter content; TC, total carbon;
CN, carbon nitrogen ratio; TN, total nitrogen; AN, ammonia nitrogen.

3.5.4. Influence of Soil Enzyme Activity

The Monte Carlo results of the RDA analysis showed that soil enzyme activities
had significant effects on both the functional mode and growth mode, among which the
activities of UA, ACP, and DHA significantly affected the former, and the activities of
UA and GA significantly affected the latter (Table 7). The RDA analysis showed that
the structural variation of functional mode was consistent with change in ACP activity
during the progression from the P. tabulaeformis forest stage to the mixed forest stage. The
community structure of the functional mode in the near-natural forest stage and the natural
secondary forests was convergent on the RDA?2 axis and was not significantly affected by
soil enzyme activity (Figure 13). The structure of the soil fungal vegetative mode in the
P. tabulaeformis forest stage and mixed forest stage was not significantly affected by soil
enzyme activity but clearly changed in the near-natural forest stage, which was consistent
with the change in soil GA activity (Figure S15). The community structure of the growth
mode of soil fungi showed a tendency to converge gradually under the influence of enzyme
activity during near-naturalization (Figure 516).

Table 7. Monte Carlo test of the RDA model and the influence of soil enzyme activity on the functional
structure of the soil fungal community in three dimensions. Note: CA, cellulase; UA, urease; GA,
B-glucosidase; ACP, acid phosphatase; DHA, dehydrogenase; AN, ammonia nitrogen. Bold indicates
a significance level < 0.05.

Functional Mode Vegetative Mode Growth Mode

R? r R? P R? r
CA 0.062 0427 0.022 0.768 0.044 0.610
UA 0.243 0.027 0.221 0.053 0.206 0.047
GA 0.127 0.185 0.107 0.269 0.371 0.005
ACP 0.520 0.012 0.154 0.149 0.123 0.183
DHA 0.438 0.001 0.159 0.126 0.163 0.111
AN 0.148 0.157 0.042 0.621 0.201 0.062
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Figure 13. RDA analysis of the influence of soil enzyme activity on the functional structure of the soil
fungal community in functional mode. P, P. tabulaeformis forest stage; M, mixed forest stage; NNF,
near-natural forest stage; NF, natural secondary forests; CA, cellulase; UA, urease; GA, 3-glucosidase;
ACEP, acid phosphatase; DHA, dehydrogenase.

4. Discussion

This study shows that the functional abundance and structure of soil fungal commu-
nities exhibit pronounced changes during the process of near-natural succession. Among
them, the abundance of pathogenic fungi in the functional mode and that of pathophysio-
logical fungi in the nutritional mode are highest in P. tabuliformis forests. The process of
near-natural succession accelerates the variation in the functional structure of fungi, while
natural secondary forests tend to be stable. This change is consistent with the increase
in the complexity of plant communities during succession, and this study indicates that
functional structure is significantly influenced by species composition and soil properties.

4.1. Effects of Near-Naturalization on the Abundance of Fungal Functional Groups

Our results revealed that ectomycorrhizal fungi, saprophytic fungi, and plant pathogens
exhibited the highest abundance ratio in the functional mode. Similarly, for the vegetative
mode, saprophytic, pathologic, and symbiotic nutrients accounted for the highest abun-
dance ratio, and such results are consistent with other research findings on boreal coniferous
forests, global forests, and forests in eastern China [20,44-46]. Our study demonstrated that
the abundance of ectomycorrhizal fungi is significantly lower in natural secondary forests
than in near-naturalization succession stages, which can be linked to a decrease in soil
pH [47]. Previous studies have shown that the relative abundance of soil ectomycorrhiza
increased during the progression of boreal coniferous forests [44], which aligns with the
progression we observed from P. tabulaeformis forests to mixed forests. Additional studies
have indicated that soil rich in ECM fungi tends to be more acidic, and a low soil pH
value can prevent the decline of the ECM system. This could explain the decline in the
relative abundance of EMC fungi from the mixed forest stage to the near-natural forest
stage [48]. Soil with a high abundance of ectomycorrhizal fungi is conducive to enhancing
overall ecological functions [49,50], particularly improving nutrients and water absorption
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by plants. Larger networks of EM fungi can directly degrade and acquire organic forms
of nitrogen and are expected to dominate ‘slow’ nitrogen-cycling ecosystems with low
levels of inorganic nutrients [51-53]. The fluctuation of EM fungi observed in succession
in our study may indicate a change in the nitrogen cycle. This study showed that the
abundance of saprophytic fungi in both functional and vegetative modes decreased with
near-naturalization and was lower than that in natural secondary forests. Saprophytic
fungi, as important decomposers in soil, play a crucial role in nutrient cycling [54], and
also serve to enhance plant water absorption [55]. This may suggest that the function
and nutrient structure of soil micro-organisms during near-naturalization are, to some
extent, unfavorable for the decomposition of nutrients. The decline in the abundance of
pathogenic fungi is consistent with Jiang’s study [44] and may be attributed to nutrient
competition between mycorrhizal fungi and free micro-organisms, during which EM fungi
can secrete enzymes to degrade organic matter. Therefore, the nitrogen utilization path is
more concise than the traditional nitrogen mineralization path [21]. Such concision intensifies
the nitrogen restriction of free micro-organisms and inhibits the process of decomposing organic
matter that they undertake [56]. Our research is also supported by findings indicating that
increases in species diversity and richness are negatively correlated with the abundance of soil
pathogens [57]. The decrease in the abundance of clavarioid during near-naturalization in the
growth mode may be related to changes in soil factors and competition among species.

4.2. Effects of Environmental Factors on the Abundance of Functional Groups of Fungi

The results of this study showed that the biomass of the tree layer was significantly
correlated with the abundance of saprophytic fungi groups during near-naturalization.
This may due to increased biomass and biodiversity, which enhance litter input to the soil,
providing suitable resources for fungi. Relevant studies confirm that plant diversity sig-
nificantly drives changes in fungal composition [44]. Our study also revealed that species
composition is an influential factor, with Carpinus turczaninowii’s importance positively
correlating with the abundance of ectomycorrhizal fungi, as supported by their tree-host
specificity [58] and role in symbiotic relationships [59]. Soil pH, organic carbon, and soil
nitrogen contents significantly affect functional dimensions, as soil quality is closely linked
to litter changes caused by species shifts, leading to microbial community recombina-
tion [60]. Thus, changes in tree species, rather than soil nutrients, at different successional
stages may cause fungal changes. pH positively correlates with the abundance of litter
saprophytes, which have been confirmed as a main factor affecting fungal functional modes
during forest conversion in Southeast Asia [47]. Soil enzyme activities such as urease, acid
phosphatase, and dehydrogenase correlate with functional mode groups, with fungi being
more sensitive to these changes than other microbial groups [61]. Some studies have shown
that saprophytic fungi are most closely related to higher soil nutrient levels. This study
shows that variation in dehydrogenase activity aligns with the abundance of saprophytic
fungi, possibly due to higher nutrient levels in certain soils [12].

4.3. Effects of Near-Naturalization on the Functional Structure of the Fungal Community

This study demonstrated that, during near-naturalization, the co-ordinate points
representing the fungal community’s functional, vegetative, and growth mode structures
exhibited a tendency to diverge. This divergence likely stems from the functional structure
of the fungal community adapting to the transformations occurring within these three
dimensions during the near-naturalization process [62]. The functional characteristics of
the fungal community remained relatively stable in the Pinus tabulaeformis forest stage and
the natural secondary forests that had not undergone near-naturalization. This stability
can be attributed to the consistent quality and quantity of litter returned to the soil by
plants, mirroring the long-term adaptability of species composition and soil environmental
stability. No significant differences were observed in the functional structure of fungal
community across the three stages of near-naturalization, as assessed along these three
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dimensions, suggesting that changes in soil fungal functional structure are not solely driven
by alterations in above-ground species, but are also influenced by multiple complex factors.

4.4. Effects of Environmental Factors on the Functional Structure of the Soil Fungal Community

With respect to the influence of environmental factors on fungal community functional
structure, our analysis indicates that, while vegetative composition, plant diversity, soil
properties, and soil enzyme activity do not show an overarching significant effect on
the structure of fungal functional groups, notable effects can be identified within each
of these categories. Prior research underscores the ability of tree species composition to
modulate soil’s abiotic attributes, such as pH and nutrient availability [63], which serve
as pivotal links between plant vitality and soil microbial community dynamics [64,65].
Quercus Mongolica and Carpinus turczaninowii emerged as highly influential across multiple
functional dimensions. This observation may stem from the distinct role played by Quercu
mongolica in altering community composition during near-naturalization, and the rapid
regeneration of Carpinus turczaninowii under forest conditions. In terms of soil nutrients’
effects on the fungal community’s functional structure, soil pH, total nitrogen content,
and organic carbon are well-established and critical determinants of fungal community
composition and function [66,67].

5. Conclusions

This study focused on variation in the functional structure of the soil fungal commu-
nity and the role of environmental drivers during the near-naturalization of coniferous
plantations in the North Warm Temperate Zone. Our results showed that variation in
fungal functional structure intensifies as near-naturalization progresses, and is signifi-
cantly influenced by changes in species composition, particularly Quercus mongolica and
Carpinus turczaninowii. Additionally, soil pH, dry matter content, carbon-to-nitrogen ratio,
and nitrate content also significantly affect the functional structure of fungi. This study
provides a new perspective that will help to develop our collective understanding of the
functional adaptation of soil fungi to forest succession, and the interaction of above- and
below-ground mechanisms in artificial forest ecosystems.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/f15091540/5s1, Figure S1: Correlation between tree layer
diversity index and the abundance of soil fungal vegetative mode. Note: B Biomass; R Richness index;
SHI Shannon-Winner index; SII Simpson index; SHE Shannon-Winner evenness index; SIE: Simpson
evenness index; PE Pielou evenness index; Figure S2: Correlation between tree layer diversity index
and the abundance of soil fungal growth mode Note: B Biomass; R Richness index; SHI Shannon-
Winner index; SII Simpson index; SHE Shannon-Winner evenness index; SIE: Simpson evenness
index; PE Pielou evenness index; Figure S3: Correlation between tree composition in the tree layer
and the abundance of soil fungal vegetative mode Note: 1 Pinus tabulaeformis; 2 Quercus variabilis;
3. Juglans mandshuruca; 4. Quercus mogolica; 5. Tilia amurensis; 6. Fraxinus chinensis; 7. Carpinus
turczaninowii; 8. Quercus aliena; 9. Quercus dentata; 10. Tetradium daniellii; Figure S4: Correlation
between species composition in the tree layer and the abundance of soil fungal growth mode Note: 1
Pinus tabulaeformis; 2 Quercus variabilis; 3. Juglans mandshuruca; 4. Quercus mogolica; 5. Tilia amurensis;
6. Fraxinus chinensis; 7. Carpinus turczaninowii; 8. Quercus aliena; 9. Quercus dentata; 10 Tetradium
daniellii; Figure S5: Correlation between soil properties and the abundance of soil fungal vegetative
mode Notes: SOC Soil organic carbon; AP Available phosphorus; TP Total phosphorus; NAN Nitrate
nitrogen; DM Dry matter content; 89TC Total carban; C.N Carbon nitrogen ratio; TN Total nitrogen;
AN Ammonia nitrogen; Figure S6: Correlation between soil properties and the abundance of soil
fungal growth mode Notes: SOC: Soil organic carbon; AP Available phosphorus; TP Total phospho-
rus; NAN Nitrate nitrogen; DM Dry matter content; TC Total carbon; C.N Carbon nitrogen ratio; TN
Total nitrogen; AN Ammonia nitrogen; Figure S7: Correlation between soil enzyme activity and the
abundance of soil fungal trophic mode groups Notes: CA Cellulase; UA Urease; GA 3-Glucosidase;
ACP Acid phosphatase; DHA Dehydrogenase; Figure S8:Correlation between soil enzyme activity
and the abundance of soil fungal growth mode Notes: CA Cellulase; UA Urease; GA 3-Glucosidase;
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ACP Acid phosphatase; DHA Dehydrogenase; Figure S9: RDA analysis results of plant diversity
on functional structure of soil fungal community in vegetative mode; Note: P P. tabulaeformis forest
stage, M mixed forest stage, NNF near-natural forest stage; NF natural secondary forests; B Biomass;
R Richness index; SHI Shannon-Winner index; SII Simpson index; SHE Shannon-Winner evenness
index; SIE Simpson evenness index; PE Pielou evenness index; Figure S10: RDA analysis results of
plant diversity on functional structure of soil fungal community in growth mode; Note: P P. tabulae-
formis forest stage, M mixed forest stage, NNF near-natural forest stage; NF natural secondary forests;
B Biomass; R Richness index; SHI Shannon-Winner index; SII Simpson index; SHE Shannon-Winner
evenness index; SIE Simpson evenness index; PE Pielou evenness index; Figure S11: RDA analysis
results of plant species composition on functional structure of soil fungal community in growth
mode; Note P: P. tabulaeformis forest stage; M mixed forest stage; NNF near-natural forest stage;
NF: natural secondary forests; 1 Pinus tabu-laeformis; 2 Quercus variabilis; 3. Juglans mandshuruca; 4.
Quercus mogolica; 5. Tilia amurensis; 6. Fraxinus chinensis; 7. Carpinus turcza-ninowii; 8. Quercus aliena; 9.
Quercus dentata; 10 Tetradium daniellii; Figure S12: RDA analysis results of plant species composition
on functional structure of soil fungal community in vegetative mode; Note P: P. tabulaeformis forest
stage; M mixed forest stage; NNF near-natural forest stage; NF: natural secondary forests; 1 Pinus
tabulaeformis; 2 Quercus variabilis; 3. Juglans mandshuruca; 4. Quercus mogolica; 5. Tilia amurensis; 6.
Fraxinus chinensis; 7. Carpinus turczaninowii; 8. Quercus aliena; 9. Quercus dentata; 10 Tetradium daniellii;
Figure S13: RDA analysis results of soil physicochemical properties on functional structure of soil
fungal community in vegetative mode; Note: P P. tabulaeformis forest stage, M mixed forest stage,
NNF near-natural forest stage; NF natural secondary forests; SOC Soil organic carbon AP Available
phosphorus TP Total phosphorus; NAN Nitrate nitrogen; DM Dry matter content; TC Total carban;
C.N Carbon nitrogen ratio; TN Total nitrogen; AN Ammonia nitrogen; Figure S14: RDA analysis
results of soil physicochemical properties on functional structure of soil fungal community in growth
mode; Note: P P. tabulaeformis forest stage, M mixed forest stage, NNF near-natural forest stage; NF
natural secondary forests; SOC Soil organic carbon AP Available phosphorus TP Total phosphorus;
NAN Nitrate nitrogen; DM Dry matter content; TC Total carban; C.N Carbon nitrogen ratio; TN
Total nitrogen; AN Ammonia nitrogen; Figure S15: RDA analysis results of soil enzyme activity on
functional structure of soil fungal community in vegetative mode; Note: P P. tabulaeformis forest stage;
M mixed forest stage; NNF near-natural forest stage; NF natural secondary forests; CA Cellulase;
UA Urease; GA 3-Glucosidase; ACP Acid phosphatase; DHA Dehydrogenase; Figure S16: RDA
analysis results of soil enzyme activity on functional structure of soil fungal community in growth
mode; Note: P P. tabulaeformis forest stage; M mixed forest stage; NNF near-natural forest stage; NF
natural secondary forests; CA Cellulase; UA Urease; GA 3-Glucosidase; ACP Acid phosphatase;
DHA Dehydrogenase; Table S1. Basic information of the community quadrats.
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Abstract: The main aim of this study was to assess the amount of carbon (C) stored in the upper
30 cm layer of mineral soils in eucalypt plantations in Portugal, with a Mediterranean-type climate.
Soil sampling data (2468 samples), field evaluations (soil profile description) and relevant information
on the particle size distribution, climate, bedrock and reference soil group were accomplished. Bulk
density per sample was assessed using pedo-transfer functions and soil C stock was estimated. The
results showed an average of 41.2 t C ha™! stored in the soil. In the northern regions of Portugal, the
coldest and wettest areas of the country with better stand productivity, a higher soil organic carbon
(SOC) is achieved (median SOC of 39.2 g kg ! and soil C stock of 55 t ha~!) than in southern and
inland regions, with a warmer and drier climate (median SOC of 15.2 g kg~! and soil C stock of
28 t ha~1). The assessment of mean soil C stock per bedrock type revealed higher C stored in granites
followed by conglomerates, coal shales and clay shales. Regarding soil type, the results showed
a higher C stock in Cambisols, Leptosols and Fluvisols (>50 t C ha~1), whereas Regosols and Luvisols
stored less, following the same trend presented for reference soil groups in Europe. Comparing the
geographic distribution of the C stock in the upper layer of the mineral soils with the amount of
C in eucalyptus stands (root and aboveground biomass—data from national forest inventory), the
mineral soil pool can represent more than two-thirds of the total C stored in eucalyptus plantations
in Portugal. Further studies should focus on the evolution of C stocks in eucalypt plantations during
different stages of stand growth and under different management practices.

Keywords: carbon cycle; carbon sequestration; mineral topsoil; Képpen climate classification;
Mediterranean planted forests

1. Introduction

Forests account for around 31% of the planet’s continental surface [1] and play an
important role in regulating hydrological and carbon (C) cycles at a global level [2-5].
Forests and their derived products are key elements in mitigating global warming, acting as
reservoirs and, in some cases, also as C sinks [6-8]. A net C sink of —7.6 £ 49 PgCO,e y1"1
was estimated for global forests, considering a balance between gross C removals
(—15.6 £ 49 PgCO5e yr ') and gross emissions from deforestation and other disturbances
(8.1 £ 2.5 PgCOze yr—1) [9]. In fact, the noticeable potential of forests for C sequestration
has been extensively addressed [10-13]. Carbon stocks are dynamic and influenced by
continuous processes, such as tree growth, and by discrete events, namely fires and dis-
turbances caused by pests and diseases or land-use change [14]. Carbon pools may be
gathered in five main components as described by the Intergovernmental Panel on Climate
Change (IPCC): aboveground biomass (wood and leaves), belowground biomass (roots),

Forests 2024, 15, 1335. https:/ /doi.org/10.3390/£15081335 92 https://www.mdpi.com/journal/forests
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soil C in mineral layers, soil organic layer (forest floor, dead biomass in decomposition
above soil surface) and harvested wood products. These pools of the C cycle, input and
output fluxes from the system, and transfers, are presented in Figure 1.

Harvested
wood products

Above-ground

. Litter
biomass

Below-ground

: Dead wood
biomass

’—> Increase of carbon 5 Transfer of carbon

stocks due to growth between pools
Carbon fluxes due to Carbon fluxes due
_ discrete events, i.e., E to continuous
from harvest residues processes, i.e. Soil i
and natural disturbance decomposition Ol OTganic

matter

Figure 1. Generalized carbon cycle showing the flows of carbon between the five C pools for
agriculture, forestry and other land use ecosystems [15].

Around two-thirds of global soil C is held as soil organic C (SOC), as a result of
decaying vegetation, fungi and bacteria growth and the metabolic activities of living
organisms, the remainder being inorganic C [16,17]. The average SOC stocks in Europe
account for 22.1 t C ha—! in forest floors, 108 t C ha~! in mineral soils and 578 t C ha™!
in peat soils to a 1 m depth [18]. Considering the total area covered by forest at the
European scale (163 M ha), a total stock of 3.50-3.94 Pg C was estimated in forest floors
and 21.4-22.7 Pg C in mineral and peat soils up to a 1 m depth.

About 36% of the Portuguese mainland is forested, with more than 800 thousand
hectares occupied with eucalypt, mostly Eucalyptus globulus L. [19]. Around 50% of the
total C in forest areas is stored in the soil, even if it is quite variable with region, forest type
and trees’ age [20]. Some studies suggest even a higher proportion in the soil of E. globulus
stands, with around 200 t C ha~! in the soil, up to 1 m deep [21]. Also, in a six-year-old
stand of E. globulus established in Arenosols, on the central coast of Portugal, the C storage
in the soil and in the organic layer was estimated to be 42 to 63 t C ha~!, respectively,
depending on the water and nutrient availability [22]. In Chile, the total C stocks in the
aboveground and belowground biomass, forest floor and soil in E. globulus plantations
were around 254 Mg ha™! (at the end of rotation), with 30% to 50% being stored in the
soil [23]. Despite the studies carried out thus far, the knowledge about the amount of C
stored in soils on eucalypt stands in Portugal and its spatial distribution is still very limited.
Thus, the main aim of this study is to assess the amount of C stored in Portuguese mineral
topsoil (0-30 cm) in eucalypt managed forests.
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2. Materials and Methods
2.1. Study Area and Soil Sampling

The study area covers E. globulus plantations on Portugal’s mainland. Sampling
covered different eucalypt stand ages and has been carried out since 1996 comprising
2468 soil samples (Figure 2). About 70% of the samples are under a Mediterranean-type
climate with mild winters and dry warm summers and 30% under a Mediterranean-type
climate with an Atlantic influence (Csa and Csb Koppen classification, respectively) [24].

+ Soil samples

Koéppen classification
[JCsa
[JCsb

Figure 2. Soil sampling sites in eucalyptus plantations, Portugal (Csa—Mediterranean-type climate with
mild winters and dry warm summers; Csb—Mediterranean-type climate with an Atlantic influence).

In each sampling site, a composite sample was collected inside forest plantation
avoiding areas close to roads, firebreaks, plantation borders or any other disturbances.
Samples were composed of 15 subsamples randomly distributed in the area. All samples
were taken from 0 to 30 cm of soil after removing superficial dead organic material following
the IPCC guidelines [15]. For samples with soil depth of less than 30 cm, the real depth
was registered and considered for the C stock estimation.

Soil profile evaluation per sampling site allowed us to estimate the relative per-
centage of coarse fragments of soil volume following the FSCC guidelines [25]. Addi-
tionally, according to local climate characteristics and soil profile features, a site pro-
ductivity index—indicating the potential for the aboveground biomass production of
E. globulus—was assigned per site. This index was derived as described by RAIZ [26] for
70% of the total soil samples collected.

Prior to C analysis, soil samples were air-dried and passed through a 2 mm sieve.
SOC concentration was then determined by dry combustion following ISO 10694 [27] at
accredited national laboratories.

2.2. SOC Assessment

Particle size distribution data were not available for the soil samples. Therefore, this
information was extracted from the Infossolo database [28] complemented with analytical
data from 102 soil samples collected in eucalypt plantations by RAIZ. The assessment of
the particle size distribution of the fraction <2 mm followed the Gee and Or method [29].
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From Infossolo, 400 records related to the particle size distribution of soil samples collected
under forest occupation in Portugal were considered. This information of 502 records was
grouped according to the bedrock type (map provided by the Portuguese Environment
Agency) and was used to fill the data on coarse sand (2-0.2 mm), fine sand (0.2-0.02 mm),
silt (0.02-0.002 mm) and clay (<0.002 mm) content per soil sampled.

For C stock estimation, the bulk density (BD, g cm~3) of the fine earth fraction (<2 mm)
of the soil samples was determined using a pedo-transfer function [30] (Equation (1)):

BD = 0.69794 + 0.750636(~0-230355x50C) 1 (00008687 x sand) — (0.0005164 x clay) (1)

where SOC is the organic C concentration (g kg~!) of soil samples (fraction < 2 mm), sand
(%) is the content in particles between 2 and 0.02 mm and clay (%) is the content in particles
below 0.002 mm.

Carbon stock (CS, tha!) per sample was determined according to Equation (2) [31,32]:

CSzSOCXdepthXBDX( —f(){))xlo @)

where SOC is the SOC concentration (g kg ') of soil samples (fraction < 2 mm), depth (m)
is the thickness of the soil layer sampled (0-30 cm), BD is the bulk density (g cm~3) of the
fraction < 2 mm and Cf is the coarse fraction (>2 mm) of the soil (%).

Finally, data from the soil sampling (2468 samples) and soil profile information (coarse
fragments) were organized in a layer and processed stepwise (Figure 3): (i) layers provided
by the Portuguese Environment Agency on lithology/bedrock (map 1:1,000,000), soil
type according to the reference soil group [33], and Koppen classification [24] completed
the information per soil sample; (ii) information on the particle size distribution of the
fraction < 2 mm was completed using the mean values obtained from the Infossolo and
RAIZ database per lithology /bedrock group; (iii) the BD per sample was computed using
pedo-transfer functions [30]; and (iv) the C stock was estimated [32]. The main physical
features of the soil samples are presented in Table 1.

Methodological approach
Database construction ‘ GIS data integration Complete database and estimations
E
«
= Database with soil organic
15 . Lo
£ 5 s, Soil samples Bedrock (lithology) ce}rbgn apd partlclfe size Bulk density
S g = & + | Spatial Soil Reference Grou R dlSt"‘bUtTOn per mineral assessment following
E Y ; Té Soil profile information computation 3 S P ' soil sample Hollis et al. (2012)
go § 2° n= 2468 samples Képpen classification (0-30 cm depth) pedotransfer function
oY n= 2468 samples
3
v
£
o EE Soil samples
N =
- O = S o -
o g E n=102 samples Soil carbon stock
20 + i e )
k- v - Spatial Bedrock (lithology) estimation according to
EE< Infossolo database computation Wiesmeier et al. (2012)
~'E § (forest uses records)
«
B n= 400 samples

Figure 3. Methodological approach applied for soil carbon stock estimation: soil collection and
analysis, relevant information completion (particle size distribution, bulk density, climate, bedrock
and reference soil group) and C stock calculation [30,32].
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Table 1. Number of samples (N) and mean physical characterization of soil samples by lithology

group (bedrock).
Particle Size Distribution (%)
. Fine

Bedrock Coarse Fine . Bulk
ID Bedrock N Fraction Fraction Fraction (<2 mm) Classes Density
(>2 mm) (<2 mm) Coarse Fine Silt al (gem™3)

Sand Sand ! y

1 Alluvium 29 359 64.1 29.7 36.8 24.2 9.4 1.28

2 Sands and gravel 17 34.0 66.0 30.4 41.6 15.8 12.2 1.36

3 Sands, pebbles, poorly consolidated 298 5.2 748 504 275 13.0 91 132

sandstones, clays
4 Arcose sandstones and sandstones 9 35.0 65.0 55.5 26.6 8.0 9.9 1.18
5 Sandstones, more or less marly limestones, 278 319 68.1 555 2.6 8.0 99 135
sands, gravel, clays
6 Sandstones, conglomerates, limestones, 34 309 69.1 633 2.1 62 83 1.26
dolomitic limestones, marly limestones, marls
7 Basalts 2 50.3 49.7 43.5 25.0 11.7 19.8 1.15
8 Limestones, ‘dolomltlc limestones, marly 1 29.0 71.0 86.1 112 04 23 138
limestones, marls
9 Plateau gravel pits, Belra Baixa arches, o4 29.4 70.6 431 203 135 11.0 104
sandstones, limestones
10 Conglomerates, sand.stones, white limestones, 5 17.0 83.0 317 06 132 25 134
reddish marls
1 Conglomerates, sandstones, limestones, 36 20.1 79.9 317 26 132 25 1.29
dolomitic limestones, marly limestones, marls

12 Conglomerates, coal shales, clay shales 9 43.8 56.2 25.1 23.4 30.9 20.6 1.07

13 Dolerites 4 445 55.5 43.5 25.0 11.7 19.8 1.36

14 Dunes and aeolian sands 1 10.0 90.0 50.0 47 .4 0.9 1.7 1.45

15 Granites and similar rocks 225 27.7 72.3 46.8 31.1 124 9.7 1.15

16 Red sandstgnes (from Silves), conglorr}e.rates, 3 307 69.3 317 26 132 25 197

marls, limestones generally dolomitic

17 Metavolcanites 39 33.2 66.8 33.2 25.3 25.7 15.9 1.28

18 Granite porphyries 1 61.8 38.2 46.8 31.1 12.4 9.7 1.35

19 Quartziferous porphyries 2 31.0 69.0 48.2 31.6 12.1 8.1 1.34

20 Quartzites 64 51.2 48.8 22.8 35.4 24.6 17.1 1.14

21 Quartzdiorites 4 40.5 59.5 59.6 24.0 8.5 79 1.44

22 Nepheline syenites 2 13.0 87.0 46.8 31.1 12.4 9.7 1.28

23 Clay shale, greywacke, sandstone 438 46.4 53.6 27.2 26.1 22.8 24.0 1.22

o4 Schists, amphlbohtes, mica schists, greywacke 19 417 583 235 402 275 13.9 1.23

quartzites, carbonate rocks, gneisses

25 Shale, greywacke 228 50.3 49.7 289 38.1 19.4 13.6 1.14

26 Shale, greywacke (shale-greywacke complex) 682 46.5 53.5 22.7 32.2 30.9 14.3 1.10

27 Shales, quartzites, amphibolites 4 48.0 52.0 47.3 24.3 12.8 15.7 1.39

2.3. Statistical Analysis

Statistical analyses were performed using Statistica, TIBCO software Inc. (Santa Clara,
CA, USA), version 13.5.0.17. The medians of SOC and C stock by climate stratification
(Csa and Csb) were computed and presented with percentiles 25%-75% in a boxplot. This
information was complemented with the Tukey test (HSD) to check the significance of the
results (p < 0.05). Principal component analysis (PCA) was applied considering the follow-
ing as active variables: Képpen group, SOC, soil C stock, productivity index (aboveground
biomass production potential), coarse fraction (>2 mm), BD, particle size distribution, and
as supplementary variables: altitude and slope. As composition data, for the particle size
distribution of the fine fraction (<2 mm) an additive log-ratio transformation (alr) was
applied and for the coarse fraction a logarithmic transformation [34]. Slope and altitude
data were provided by ASTER-GDEM [35]. The steps in the PCA included computing the
univariate statistics, covariance matrix, correlation matrix, eigenvalues and eigenvectors,
degree of correlation, and projection in principal components (PCs). Prior to analysis, the
database was standardized, and qualitative variables were transformed into numerical

variables.
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3. Results
3.1. SOC and C Stock by Lithology Group (Bedrock)

The SOC ranged between 1.6 and 104.4 g kg~!. The mean SOC concentration ranged
from 4.8 to 37.0 g kg~ ! (Figure 4a), and the highest mean values were achieved for soil
samples derived from conglomerates, coal shales and clay shales (ID12). Also, soils derived
from shale, greywacke and shale-greywacke complexes (IDs 25 and 26), granites (ID15)
and arcose sandstones and sandstones (ID4) presented >30 g kg~!. The lowest mean
values were obtained for soil samples of dunes and aeolian sands (ID14), followed by
quartzdiorites (ID21) and shales, quartzites and amphibolites (ID27).

The distribution of C stock by lithology group is shown in Figure 4b and ranged
in average between 9.0 and 70 t ha~!. Granites and similar rocks (ID15) revealed the
highest mean value, followed by conglomerates, coal shales and clay shales (ID12), arcose
sandstones and sandstones (ID4) and nepheline syenites (ID22) which also presented
C stocks higher than 50 t ha~!. The lowest values (<25 t ha~') were found for sands
and gravel (ID2), dolerites (ID13), dunes and aeolian sands (ID14), shales, quartzites and
amphibolites (ID27), quartzdiorites (ID21) and granite porphyries (ID18). The remaining
groups displayed stocks between 25 and 50 t C ha~!.
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Figure 4. Mean SOC content (a) and C stock (b), and standard deviation in soil samples (0-30 cm
depth) by lithology group (bedrock ID presented in Table 1). Significant differences are denoted by
different letters (Tukey’s test, p < 0.05).

97



Forests 2024, 15, 1335

3.2. SOC and C Stock by Reference Soil Group (Soil Type)

The bulk densities (BDs), particle size distribution (fine and clay fractions), SOC in
mineral 30 cm topsoil and C stocks by soil reference group are provided in Table 2. The
most representative sampled groups were Leptic Cambisols (Humic), Eutric Leptosols, Umbric
Podzols and Leptic Luvisols. The average BD of the sampled soils was 1.20 g cm 2 ranging
between 1.01 and 1.43 g cm 3, a mean fine fraction >37% and a clay proportion within
9.9 and 24.0% of the total soil volume. The average SOC was 24.7 g kg ! and allowed a
mean C stock of 41.2 t ha=!. Eutric Fluvisols, Leptosols, Leptic Cambisols (Humic) and Cambic
Calcisols revealed a C stock higher than 50 t ha~!; the lowest stock belonged to Leptic
Calcaric Regosols, Albic Gleyic Luvisols, Chromic Leptic Luvisols, Eutric Leptic Regosols and
Vertic Luvisols (C stock < 25 tha™1).

Table 2. Number of samples (N), mean and quartiles (25% and 75%) of physical properties, SOC
and C stocks (0-30 cm depth) according to the reference soil group ([36], * previous classification
reference [33]).

Bulk Density Fine Fraction Clay Fraction SOC C Stock
Reference Soil Group N (g cm~3) (<2 mm) (%) (<0.002 mm) (%) (gkg™1) (tha-1)
Mean Q25 Q75 Mean Q25 Q75 Mean Q25 Q75 Mean Q25 Q75 Mean Q25 Q75
Cambic Calcisols 22 1.22 116 1.29 73.8 69.0 85.0 13.9 8.3 225 21.7 143 284 53.7 39.5 67.2
Chromic Cambisols 30 1.29 123 1.36 70.7 584 834 16.3 8.3 22.5 14.8 9.8 184 36.9 245 490
Leptic Calcaric Regosolsy Calearic 7136 127 143 577 560 560 99 99 99 108 55 174 27 132 369
romic Cambisols
Dystric Cambisols 36 1.34 1.31 1.41 69.5 62.0 85.0 10.1 9.7 9.7 114 6.0 13.7 28.5 13.4 354
Eutric Cambisols 99 1.36 131 141 69.8 62.0 817 10.8 9.1 9.9 104 6.0 13.0 26.3 153 343
Leptic Cambisols (Humic) 751 1.06 097 112 57.2 40.0 723 13.1 9.7 14.3 41.6 302 523 63.8 39.6  84.0
Eutric Fluvisols 3 1.01 0.93 1.18 56.0 56.0 56.0 9.9 9.9 9.9 52.5 256 659 90.7 50.7 110.7

Eutric Leptosols/Eutric Lithosols * 664 121 114 131 536 416 633 175 143 240 221 120 270 306 170 410
Leptic F eﬂ;ggg’i"lsﬁ erne 28 126 117 135 509 517 520 191 136 240 170 93 229 284 188 379
Albic Gleyic Luvisols 10 138 136 140 771 690 900 117 91 136 84 64 98 213 143 286
Leptic Luvisols/Orthic Luvisols * 244 122 117 128 576 512 667 216 240 240 198 141 237 364 237 465

Chromic Leptic Luvisols 9 126 120 130 376 300 400 156 136 171 167 131 224 191 117 304
/Rhodochromic Luvisols

Calcic Chromic Luvisols 15 1.29 122 136 69.5 60.0 784 15.1 94 225 15.3 82 202 377 238 59.8
Vertic Luvisols 3 143 141 144 520 520 520 11.7 79 136 4.8 4.4 5.2 10.6 9.8 11.5
Umbric Podzols/Orthic Podzols * 542 1.34 1.28 142 71.6 62.0 85.0 9.9 9.1 9.9 12.1 5.8 15.5 29.8 170 364
Leptosols/Rankers * 2 1.02 1.01  1.02 61.0 497 723 11.7 9.7 13.6 45.8 458 458 83.9 684 994
Plintic Luvisols 1 1.32 - - 60.0 - - 24.0 - - 10.8 - - 25.7 - -
Eutric Leptic Regosols 1 1.41 - - 90.0 - - 9.9 - - 6.4 - - 17.4 - -
Endosalic Gleysols/Gleyic 1 135 ) B 95.0 B ) 9.9 } ) 105 ) B 405 B B

Solonchaks *

3.3. Major Drivers for Soil C Stock

To further identify the major drivers of SOC and C stock, attributes were extracted by
PCA. Two principal components with eigenvalues >1 were extracted with a cumulative
contribution of 66.3%, which could explain most of the results. The first principal com-
ponent (PC1) had the highest contribution, accounting for 46.8%, followed by PC2 with
19.5%, respectively.

As presented in Figure 5, the SOC concentration and soil C stock were loaded in PC1
with a positive relation with Koppen classification and site productivity index (biomass
production), suggesting that higher SOC concentrations and C stocks are related with better
climate conditions and higher biomass production. A higher BD of soil is in opposition
to the increment of SOC. The coarse fragments and the particle size distribution of fine
fraction were accounted for by PC2, showing the opposition of the coarse fraction and the
higher proportion of sand in the fine elements (<2 mm), suggesting that the soils studied
have a higher component in fractions between 2 mm and 0.02 mm.

A box-plot with the distribution of SOC concentration and C stock according to the
Koppen classification is displayed in Figure 6, following the PCA results suggesting a
positive correlation between these parameters. As suspected, Csb revealed a significantly
higher SOC and soil C stock than Csa. For Csb, the SOC values ranged between 27.4 (Q25)
and 516 g 1<g’l (Q75), whilst for Csa results from 9.1 (Q25) to 23.5 g kg’1 (Q75) were
recorded. Concerning soil C stocks, Csb presented a median of 55 t ha~! (38.8-80.3 t ha~!,
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lower and upper quartile) and Csa showed a median of around 28 t ha=! (17.8-40.8 tha~!,
lower and upper quartile).
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Figure 5. Spatial ordination resulting from the principal components analysis (PCA) for soil sam-
ples features and climate attributes (PC1: 3.74, variance explained: 46.8%; PC2: 1.56, variance
explained: 19.5%).

160

140

100

80

60 ¢ /%

7| //
20 152
D : — I — 1
Csa Csb HsoCskg)
Koppen classification g Soil C stock (tha™)

Figure 6. Median, upper and lower quartiles of soil organic carbon content (g kg~!) and carbon
stock (t ha~1) in mineral soil samples (0-30 cm depth) according to the climate Koppen classification
(Csa—Mediterranean-type climate with mild winters and dry warm summers; Csb—Mediterranean-
type climate with an Atlantic influence). Within each variable, significant differences among climate
classification are denoted by small and capital letters (Tukey’s test, p < 0.05).
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Apart for arcose sandstones and sandstones (ID4), the remaining groups of bedrock
lithology agree with the previous box-plot, revealing that within the same bedrock type,
mineral soil samples with the Csb climate type have higher C stocks than Csa (Figure 7).
Focusing in the lithologies with the highest frequency of samples distributed by different
climate types such as granites and similar rocks (ID 15) and shale and greywacke groups
(ID 25 and 26), this is reinforced.
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Figure 7. Mean and standard deviation of carbon stock (t ha—!) in mineral soil samples (0-30 cm
depth) by lithology group and climate classification of Képpen (Csa—Mediterranean-type climate
with mild winters and dry warm summers; Csb—Mediterranean-type climate with an Atlantic
influence) (Lithology ID in Table 1 and number of soil samples in italics above graph bars). Within
each bedrock ID, significant differences among climate classification are denoted by * and ** (Tukey’s
test, p < 0.05).

4. Discussion
4.1. C Stored in Eucalypt Stands and the Influence of Mediterranean Climate Conditions

Data from the last Portuguese National Forestry Inventory—2015 [19] show that the
total plant biomass (above and belowground) accounts for around 19.5 t C ha=! in pure
eucalypt plantations (the majority of plantations until 12-year-old stands). This inventory
is used to assess the land use land cover (LULC) and forecast wood availability and the C
stored in the biomass. The data support that eucalypt plantations are one of the forestry
species in Portugal that most contributes to C stored in biomass. Northern regions and the
central part of Portugal are the greatest contributors to the C in total plant biomass (25.4
and 20.4 t ha~!, respectively), followed by Alentejo (15.4 t ha~?!) and finally Algarve in
the south of the country (11.0 t ha~!). The amount of biomass produced and the ability to
store C in the aboveground biomass in eucalypt plantations has been well documented
and evaluated [6,19,22,37]. Furthermore, the results also show that around 50 to 55%
of plant C is stored in wood, suggesting that if management practices consider leaving
leaves, branches, bark and roots in the area after harvesting, this may contribute to the
conservation and increase of C in the soil. The forest floor was found to be significantly
lower (less than 4% of the total) when compared with other pools and showed a large
spatial variability [19,23].

Stand productivity is highly influenced by climatic and topographic variability, with
temperature, precipitation and soils (physical and chemical features) being major drivers for
wood biomass production [37]. Concerning the soil pool, studies found SOC concentrations
in forest soils between 3 and 115 g kg~! in the upper 20 cm of the mineral soil [18,38],
in line with this study. The present results are also supported by Gémez-Rey et al. [39]
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who reported SOC values from 9.8 to 64.4 g kg~! for five eucalypt plantations in Portugal
across different mean annual precipitation values (500 to 2000 mm). The accumulation of
C is a function of the prevailing edaphoclimatic characteristics at each site. In Portugal,
two distinct climate regions are defined by the Koppen classification [24]. In the northern
regions of Portugal, colder and wetter areas of the country (Csb), a higher amount of C is
in stored in the soil (median SOC of 39.2 g kg~! and soil C stock of 55 t ha~'), whereas in
southern and inland regions, the climate is warmer, drier and with a very pronounced dry
season (usually March to September) (Csa). As a result, productivity is lower in Csa as
stated by Pereira et al. (2007), and consequently litter inputs to soils decrease and SOC also
reduces (median SOC of 15.2 g kg~ ! and soil C stock of 28 t ha™!). These values are in line
with (but slightly lower than) IPCC references which have reported for warm temperate
climate regions an average of 38 t C ha™! (dry) and 88 t C ha~! (moist) for mineral soils
under native vegetation at a 30 cm depth [15].

4.2. SOC Stock and Soil Variability

Our study shows that eucalypt plantations in Portugal can store a substantial amount
of C in soils, which is in line with other studies showing that a large amount of the total C
stock is stored in the soil [40]. The present study revealed that mineral topsoil (0-30 cm) in
eucalypt plantations is able to store an average of 41.2 t C ha~!, which is not out of line
with the data presented in other studies that found average SOC stocks of 108 t C ha~! in
mineral soils in European forests to a 1 m depth [18] and between 11.3 and 126.3 t C ha™!
for a 020 cm soil depth [41].

Considering the analysis of soil C stock by the northern, central, Alentejo, and Algarve
regions of the country, an average amount of C is found to be stored in the upper 30 cm
of the mineral soil of 65.8, 43.4,28.2 and 38.0 t ha™!, respectively. As expected, sites with
the most favorable climatic and soil conditions for tree growth have a higher biomass
production and soil C storage potential. This is in accordance with data from forest
plantations including E. globulus in Chile, which revealed that 30 to 50% of the total C stock
is stored in the soil (0-30 cm) [23]. Also, Scharlemann et al. [17] highlight the relevance of
C stored in the topsoil (0-30 cm), which represents between 46% and 65% of the total SOC.
This last study also identified differences related to climatic conditions.

Mediterranean soils are known for their variability, reduced water holding capacity,
shallow horizons and high stoniness on the soil surface [42]. Therefore, storing C in the soil
is essential to promote an increase in organic matter and soil quality, also mitigating the
effect of climate change. Differences were found in SOC by the soil parent material (bedrock)
and reference soil group. According to the FAO database, in the Mediterranean region,
Cambisols prevail but Fluvisols, Luvisols and Leptosols are also common, which agrees with
the main reference soil group sampled. The results showed a higher C stock in Cambisols,
Leptosols and Fluvisols (>50 t C ha—!), whereas Regosols and Luvisols stored less—following
the same trend presented for reference soil groups in Europe [18,43]. Similar results were
found for soil samples according to the soil group reference in eucalypt plantations in
northwestern Spain [10].

4.3. Methodological Considerations

This study contributes to the characterization of C stocks in soil in eucalypt managed
forests. However, some limitations must be acknowledged to contextualize the findings and
guide future research. Firstly, our sampling, although extensive, was limited to Portugal
and may not fully capture the variability of C content across Mediterranean conditions in
planted forests. Furthermore, the C stock per sampling site reflects a measurement at a
single point in time and the time span of soil sampling may not provide a comprehensive
understanding of soil C stocks throughout the stand growth cycle. Future research should
consider implementing long-term monitoring per location and different soil layers to
capture soil C changes over multiple years, thereby better elucidating temporal dynamics
and the influence of management practices. Additionally, it is advisable to assess the
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aboveground and root biomass of eucalypt stands per location in order to establish more
reliable comparisons with soil C stocks.

We also faced some analytical constraints. Ideally, BD, coarse fragments and particle
size distribution should be assessed by analysis per soil sample. In this study, we used a
pedo-transfer function for predicting soil BD that is applicable across all soil types within
Europe with a mean percentage error of & 11%, which introduces some uncertainty in
the data [30]. However, we found values of BD around 1.20 g cm~3, being higher for
Vertic Luvisols and Eutric Leptic Regosols (around 1.40 g cm~2) and lower to Eutric Fluvisols
and Leptosols (around 1.02 g cm~3) which agrees with the results found for soil BD in
Europe [44]. Concerning coarse fragments, we considered the data from the soil profile
evaluation in the assessment of C stocks. As expected from field observations, usually,
forest soils present a high stoniness as soils are pedogenetically underdeveloped [40] which
is also supported by the lower amount of clay fraction in the soils. For the assessment of
particle size distribution, we used laboratory results from soil samples and Infossolo data to
fill the main database of the 2468 soil samples with this information. Although the results
are consistent with the literature, the reliance on other databases may have introduced
some uncertainty in the estimation of C stocks.

New approaches using remote sensing, machine learning, and other technologies
are being tested and optimized to accurately quantify the SOC, which could represent
a promising solution for C stock estimation at the management unit level, rather than a
point-based analysis [45], eventually helping in the future to overcome some of the data
gaps faced in this study.

4.4. The Effect of Management Practices on SOC Stock and Further Studies

The C held in the mineral topsoil (upper 30 cm layer) is often the most chemically de-
composable, and the most directly exposed to natural and anthropogenic disturbances [15];
this is the reason why this study focused on this layer of mineral soil. Nevertheless, C
stored in deeper soil layers can be relevant for the soil C sequestration potential in a chang-
ing forest ecosystem (e.g., afforestation and forest management). The amount and rate of
organic C accumulation associated with afforestation depend on several factors such as
climate, topography, soil characteristics, species and forestry management practices [38,46].
Forest management can improve C sequestration amounts, and understanding the effects
of forest management is even more important in the Mediterranean area, given the current
high climatic variability and disturbance events [47]. Harvesting operation and soil tillage,
particularly, can lead to a reduction in soil C stocks if mitigation measures are not consid-
ered. Applying conservation practices in site preparation and leaving harvesting residues
on the soil (roots, leaves, stumps and bark), for instance, and the proper management of
stand growth may outweigh soil C losses over a rotation [38,47]. Management practices
pursuing a canopy cover of the soil and minimizing the disturbances in soil are likely to
improve the C storage [38]. Ruiz-Peinado et al. [47] reviewed the implications of different
forest management practices on C sequestration (e.g., stocking, thinning, coppice, rotation
period and harvesting operations) in the Mediterranean region and highlighted the need to
carry out further integrated studies to investigate forest management alternatives.

This study provided estimations that can be valuable for the validation and parameter-
ization of C models, also providing relevant information for management practices. Further
studies should be conducted to assess the evolution of C stocks in eucalypt plantations
during different stages of stand growth and under different management practices.

5. Conclusions

Across the country, we assessed the ability of forests soils to store C under a wide range
of bedrock and reference soil groups. The SOC assessed in the first 30 cm of mineral soils
in eucalypt plantations ranged between 1.6 and 104.4 g kg~ !. The total soil stocks averaged
41.2t C ha~! and were clearly influenced by climate conditions. Better conditions for tree
growth, warm temperatures and higher annual precipitation (Csb) lead to a higher stand
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productivity as supported by the national forest inventory. This results in a higher input
of litter in the soil and higher C stocks. Comparing different C pools and considering the
amount of C stored in plant biomass according to the most recent national inventory [19],
the relevance of the C stock in the upper 30 cm of the mineral soil is recognized, which may
represent more than 65% the total C retention (considering soil and plant biomass pools).

While acknowledging that this study presented some methodological limitations,
the data compiled, and the methodological approach used in this study contribute to
the establishment of a forest soil C baseline and highlights the importance of soil and
its conservation for C sequestration. Given the relevance of soil to the total C stock in
eucalyptus plantations, special attention should be addressed to the management practices
that may affect this organic C pool, and further studies should include long-term monitoring
and time-dynamic assessment to provide new insights on C sequestration strategies.
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Abstract: Increased nitrogen deposition profoundly impacts ecosystem nutrient cycling and poses
a significant ecological challenge. Soil microorganisms are vital for carbon and nutrient cycling in
ecosystems; however, the response of soil microbial communities in subtropical planted coniferous
forests to nitrogen deposition remains poorly understood. This study carried out a four-year nitrogen
addition experiment in the subtropical montane forests of central Yunnan to explore the microbial
community dynamics and the primary regulatory factors in two coniferous forests (P. yunnanensis
Franch. and P. armandii Franch.) under prolonged nitrogen addition. We observed that nitrogen
addition elicited different responses in soil bacterial and fungal communities between the two forest
types. In P. yunnanensis Franch. plantations, nitrogen supplementation notably reduced soil bacterial
a-diversity but increased fungal diversity. In contrast, P. armandii Franch. forests showed the opposite
trends, indicating stand-specific differences. Nitrogen addition also led to significant changes in soil
nutrient dynamics, increasing soil pH in P. yunnanensis Franch. forests and decreasing it in P. armandii
Franch. forests. These changes in soil nutrients significantly affected the diversity, community
structure, and network interactions of soil microbial communities, with distinct responses noted
between stands. Specifically, nitrogen addition significantly influenced the p-diversity of fungal
communities more than that of bacterial communities. It also reduced the complexity of bacterial
interspecies interactions in P. yunnanensis Franch. forests while enhancing it in P. armandii Franch.
forests. Conversely, low levels of nitrogen addition improved the stability of fungal networks in
both forest types. Using random forest and structural equation modeling, soil pH, NH4*-N, and
total nitrogen (TN) were identified as key factors regulating bacterial and fungal communities after
nitrogen addition. The varied soil nutrient conditions led to different responses in microbial diversity
to nitrogen deposition, with nitrogen treatments primarily shaping microbial communities through
changes in soil pH and nitrogen availability. This study provides essential insights into the scientific
and sustainable management of subtropical plantation forest ecosystems.

Keywords: nitrogen addition; planted coniferous forests; bacteria; fungi
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1. Introduction

Increased atmospheric nitrogen (N) deposition is a significant environmental issue that
affects global change [1-3]. Historical data indicate that atmospheric nitrogen deposition
has increased from 3.4 x 103 g-N-a~! to 1.0 x 10!* g:-N-a~! between 1860 and 1995,
with projections suggesting a rise to 2.0 x 10 g-N-a~! by 2050, demonstrating a clear
upward trend [4]. Soil microorganisms, particularly bacteria and fungi, serve as primary
decomposers in forest ecosystems and are crucial for ecosystem functionality [5]. They
facilitate the cycling of materials and the flow of energy within ecosystems [6]. An increase
in nitrogen deposition can enhance net primary production, which subsequently alters
the availability of microbial nutrients such as carbon and nitrogen in the soil, affecting
their physiological activities [7,8]. These changes can impact the composition of microbial
communities, potentially having profound implications on the global carbon and nitrogen
cycles and influencing climate change [8].

The impact of atmospheric nitrogen deposition on soil microbiomes, particularly in
nitrogen-rich tropical and subtropical forests, has become a pivotal area of study within the
ecological sciences. This interest stems from the profound effects that nitrogen deposition
has on forest soil microbial communities [9-12]. Recent meta-analyses have attempted to
clarify the general response of soil microbial diversity and composition to nitrogen enrich-
ment. These studies have consistently found that nitrogen addition typically diminishes
both bacterial and fungal diversity [13,14]. However, the data from these meta-analyses are
often heterogeneous, complicating the task of distinguishing responses between different
ecosystems, such as natural versus plantation forests. This variability limits the precision
and applicability of the findings. Notably, soil microorganisms in tropical nitrogen-rich
ecosystems exhibit marked changes in nutrient content and soil properties following ni-
trogen addition. For instance, in coastal mangrove ecosystems, nitrogen supplementation
has been linked to decreased bacterial abundance and increased fungal presence [15]. In
subtropical forests in southeastern China, similar nitrogen additions have generally re-
duced both bacterial and fungal abundances, with fungi showing a more pronounced
sensitivity to nitrogen changes [6]. In tropical forests, nitrogen inputs have curtailed mi-
crobial growth in acidic soils, with fungi demonstrating better adaptability to these acidic
conditions compared to bacteria [16,17]. Despite these insights, the effects of nitrogen
deposition on soil microbial communities in nitrogen-rich tropical and subtropical forests
remain incompletely understood. Clarifying how soil bacterial and fungal communities
and their diversity respond to nitrogen deposition is essential to assess the resilience of
forest ecosystems to global changes induced by nitrogen enrichment.

Since the 20th century, the subtropical Central Yunnan Plateau has witnessed extensive
vegetation restoration efforts, notably converting farmland back to forests and establish-
ing planted afforestation projects [18,19]. These initiatives have predominantly led to the
creation of pure coniferous forests primarily composed of P. yunnanensis Franch. and P.
armandii Franch. However, these forests now face escalating pressures from increased
nitrogen deposition, a consequence of rising reactive nitrogen emissions from expanding
industrial and agricultural activities in the region [20]. Afforestation has markedly altered
species richness, diversity, and soil physicochemical properties within these ecosystems,
significantly affecting the diversity and composition of soil microbial communities [21,22].
Soil acidity is a key factor in both soil biogeochemical cycles and the growth environment of
soil microorganisms [23]. Previous research indicates that nitrogen addition typically pro-
motes soil acidification, thereby influencing microbial composition and diversity through
reduced soil pH [24,25]. Yet, these studies have predominantly focused on naturally com-
plex forests, with limited research directed towards plantation forests characterized by
single-species stands and simpler structures. Different tree species exhibit unique nitrogen
nutrient utilization strategies, which can lead to variations in soil pH [26,27], influencing
the resilience of soil microorganisms to environmental changes [28]. For instance, soil
microorganisms in monoculture fir forests are particularly vulnerable to changes in soil pH
and nutrient dynamics resulting from nitrogen addition [9,29], whereas planted broadleaf
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forests demonstrate greater soil-buffering capacities and lower sensitivity to long-term
nitrogen impacts compared to their natural counterparts [30]. Clearly, the impacts of
nitrogen addition on nitrogen-rich planted forests and natural ecosystems vary and are
not uniformly applicable across different tree species. Thus, understanding the responses
of soil microbial communities to nitrogen addition in differentiated plantation forests of
major tree species is crucial for assessing the impacts of global change on subtropical
forest ecosystems.

To explore the effects of long-term nitrogen addition on soil microbial communities
in the subtropical Central Yunnan region, we carried out extended simulated nitrogen
addition experiments at the Yuxi Forest Ecosystem National Positioning Observation
and Research Station. These experiments were concentrated on the subalpine planted
coniferous forests, predominantly consisting of P. yunnanensis Franch. and P. armandii
Franch. Our study aimed to fill the gap in understanding the microbial response to
nitrogen addition in this specific subalpine area of Central Yunnan and to examine how soil
microbial communities adapt to environmental changes and stress caused by prolonged
nitrogen addition. Given that subtropical forests are nitrogen-rich ecosystems, nitrogen
additions may lead to soil nitrogen enrichment, resulting in soil acidification, nutrient
imbalances [31], and adverse effects on soil bacterial and fungal communities. Accordingly,
we hypothesized that (1) soil microbial diversity is affected by nitrogen addition, with
variations in plantation types driving distinct responses in soil microbial diversity to
nitrogen enrichment; (2) nitrogen addition significantly impacts bacterial communities,
while fungal communities are relatively less affected; and (3) nitrogen addition primarily
influences soil microbial communities through changes in soil pH and nitrogen availability
in both types of coniferous forests. The findings of this research are pivotal for the scientific
management of subtropical plantation ecosystems in relation to nitrogen deposition and
augment our understanding of soil microbial functions and ecosystem processes amidst
global changes.

2. Materials and Methods
2.1. Site Description

The study area is located at the Yunnan Yuxi Forest Ecosystem National Position-
ing Observation and Research Station (23°46/18"~23°54/34" N, 101°16'06” ~101°16'12" E)
(Figure 1), with an altitude ranging from 1260.0 to 2614.4 m. This area features a subtropical
low-latitude plateau monsoon climate characterized by typical mountain climate features.
The seasons are distinctly split into dry (November to April) and wet (May to October)
periods, with rain and heat coinciding and concentrated rainfall occurring from June to
August [32]. The average annual precipitation is 1050 mm, and the average annual tem-
perature is 15 °C. The highest recorded temperature is 33 °C in June, while the lowest
drops to —2.2 °C in February. Forest coverage in the study area is approximately 86%,
consisting primarily of primary and secondary primeval forests, which are predominantly
semi-humid evergreen broad-leaved forests. The area’s vegetation is diverse, encompass-
ing 98 families, 137 genera, and 324 species, including A. palisotii (Desv.) Alston, Reevesia
pubescens Mast., and R. delavayi Franch., among others. The distribution of forests exhibits
a vertical arrangement corresponding to increasing altitude. The primary forest vegetation
types include natural forests such as subtropical evergreen broad-leaved forests and high
mountain dwarf forests, as well as planted forests like mixed coniferous and broad-leaved
forests and pure coniferous forests. P. yunnanensis Franch. and P. armandii Franch. forests
are the most abundant species of planted forests in the region, coexisting in a relatively
small area with similar terrain and microclimate conditions. Both plantations have been
established for about 40 years. The predominant soil type is Argi-Udic ferrosols, with
localized areas of Hapli-Udic argosols (World Reference Base for Soil Resource).
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Figure 1. Overview map of the study area.

2.2. Experimental Design

This study focused on two types of planted forests, P. yunnanensis Franch. and P.
armandii Franch., located within the research station, approximately 2.6 km apart. Nitro-
gen fertilization commenced in January 2019. After thorough on-site field investigations
(Table S1), representative areas were selected for each forest type. Three 20 m x 20 m sample
plots were established for each type, maintaining at least 10 m of separation between plots.
A split-plot design was utilized within each plot, consisting of four smaller 3m x 3 m
quadrats. These quadrats were designated for the control group and three nitrogen fertil-
ization gradients, creating a total of 12 small quadrats to provide three replicates for each
treatment. Based on the atmospheric wet nitrogen deposition flux in Southwest China [33],
the nitrogen deposition during dry and wet seasons (15 g-N-m~2-a~! and 10 g-N-m~2-a~!,
respectively) [34], and the annual increase in nitrogen deposition (0.05 g:N-m~2-a~!) in
Southwest China [32], we adjusted the nitrogen application to reflect the annual level
of 3.84 ¢-N-m~2.a~!. The nitrogen gradients were set as follows: 0 g-N-m~2-a~! (CK),
10 g'N-m~2-a~! (N10), 20 g-N-m~2-a~! (N20), and 25 g-:N-m~2-a~! (N25). Experimental
urea (CO(NHy), analytical grade, >=99.0%) was used as the nitrogen source. The annual ni-
trogen application was divided into 12 equal parts, with each portion dissolved in 1000 mL
of water and applied monthly using a backpack sprayer. The control plots received an
equivalent volume of water.

2.3. Soil Sampling

Soil samples were collected in early March 2023, four years and two months after the
initiation of the simulated nitrogen deposition. Sampling began by removing the litter
layer from the quadrat surface. Using the five-point sampling technique, soil from the
top 20 cm was extracted with an auger. Soil from the three replicate quadrats under the
same treatment was mixed thoroughly and sieved through a 2 mm nylon mesh to remove
visible roots and stones. The sieved soil was then divided into two equal portions: one
was immediately stored at —80 °C for subsequent DNA extraction and high-throughput
sequencing analysis, and the other was air-dried for chemical property analysis.

2.4. Measurement of Soil Chemical Properties

The measurement of soil chemical properties was conducted using the methods out-
lined by Bao [35]. Soil pH was determined with a pH meter (,;:Vwater = 1:5). Total
nitrogen (TN) content was assessed via the semi-micro Kjeldahl method. Available phos-
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phorus (AP) was quantified using inductively coupled plasma emission spectrometry.
Potassium ions (K*) were measured by extraction with 1 mol-L~! neutral ammonium
acetate, followed by flame photometer analysis. Soil organic matter (SOM) content was
determined using the potassium dichromate volumetric method with external heating to
ascertain organic carbon, which was then converted to organic matter using a conversion
factor of 1.724. Ammonium nitrogen (NH4*-N) in the soil was quantified using the in-
dophenol blue method, and soil nitrate nitrogen (NO3~-N) was measured via ultraviolet
spectrophotometry using the colorimetric method.

2.5. DNA Extraction and Illumina Sequencing

Total DNA from the samples was extracted using the EZNA™ Mag-Bind Soil DNA Kit
from OMEGA Bio-tek. The extracted DNA samples were sent to Sangon Biotech (Shanghai)
Co., Ltd. (Shanghai, China) for high-throughput sequencing. For soil bacteria, the V3-V4
variable region was PCR-amplified using primers 341F (5'-CCTACGGGNGGCWGCAG-3)
and 805R (5-GACTACHVGGGTATCTAATCC-3) [36]. For soil fungi, the ITS region was
targeted using primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3') [37] and ITS2R (5'-
GCTGGCTTTCTTCATCGATGC-3’) [38]. Both bacterial and fungal amplifications involved
two rounds of PCR. In the first round, we used 165V3-V4 primers for bacteria and ITS1-ITS2
primers for fungi, with a 30 uL reaction mix (15 uL 2 x Hieff® Robust PCR Master Mix, 1
uL of each primer, 10-20 ng of PCR products, and 9-12 uL of HyO). The PCR conditions
were an initial denaturation at 94 °C for 3 min, followed by 5 cycles at 94 °C for 20 s,
annealing at 45 °C for 20 s, and extension at 65 °C for 30 s; then 20 cycles at 94 °C for 20
s, 55 °C for 20 s, and 72 °C for 30 s, with a final extension at 72 °C for 5 min and storage
at 10 °C. In the second round, lllumina bridge PCR-compatible primers were used with
a similar reaction mix and conditions: pre-denaturation at 95 °C for 3 min, followed by 5
cycles of denaturation at 94 °C for 20 s, annealing at 55 °C for 20 s, and extension at 72 °C
for 30 s, concluding with a final extension at 72 °C for 5 min and storage at 10 °C. The PCR
products were verified via 2% agarose gel electrophoresis, and library concentrations were
measured using a Qubit 3.0 fluorometer. After confirming library quality, sequencing was
conducted on the Illumina MiSeq platform.

2.6. Microbial Data Analysis and Co-Occurrence Network Construction

After quality control filtering of the sequencing data, Usearch 11.0.667 software [39]
was used to cluster non-redundant sequences (excluding single sequences) at a 97% sim-
ilarity threshold for operational taxonomic unit (OTU). Chimeras were removed during
the clustering process, with similarity assessments conducted after comparing 0.1% of the
sequences [40]. The sequences were preprocessed by trimming adapter sequences and
removing low-quality reads using the FastQC and Trimmomatic tools. The SILVA database
(version 132) was used for the identification of bacterial community composition, while the
UNITE database (version 8.0) was used for the identification of fungal community composi-
tion. Microbial a-diversity and richness were calculated using Mothur 1.43.0. The Shannon
index [41] was employed to quantify community diversity, while the Chao index [42] was
used to estimate community richness. The relative abundance of bacterial and fungal
communities was considered when constructing networks involving OTUs with a relative
abundance above 0.1%. OTUs with a relative abundance of zero in two-thirds of the sam-
ples were excluded. Random matrix theory (RMT) was applied to determine the optimal
similarity threshold, and the pairwise similarity matrix was calculated based on Spearman
correlation. All analyses were performed using the Molecular Ecological Networks (MENs)
analysis platform (iNAP platform, updated on 6 June 2023, https://inap.denglab.org.cn/,
accessed on 20 June 2023) [43]. Nodes and edges were exported and processed using Gephi
0.9.2 software to generate co-occurrence networks for the bacterial and fungal communities.
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2.7. Statistical Analysis

We investigated the effects of nitrogen addition on the soil chemical properties and
the bacterial and fungal communities in the P. yunnanensis Franch. and P. armandii Franch.
forests. Initially, homogeneity of variance tests were performed using SPSS 25.0 software
(SPSS Inc., Chicago, IL, USA). Upon confirming homogeneity of variance, analysis of
variance (ANOVA) was utilized to evaluate the impacts of different nitrogen addition treat-
ments on soil chemical properties and microbial a-diversity. For cases of heterogeneous
variance, the Welch correction method was applied prior to variance analysis. In the R
software (v4.3.1; http:/ /www.r-project.org/, accessed on 25 June 2023), the “vegan” [44]
and “ggplot2” [45] packages were utilized for principal coordinate analysis (PCoA) and
similarity analysis (ANOSIM) based on microbial genus-level classification to detect dif-
ferences in microbial community composition using Bray—Curtis distance. Redundancy
analysis (RDA) was conducted to ascertain whether soil properties were key factors influ-
encing the composition of bacterial and fungal communities in these forests. Subsequently,
the “randomForest” package was used for random forest analysis to assess the importance
of individual soil chemical properties on the composition of microbial communities in P.
yunnanensis Franch. and P. armandii Franch. forests, where community composition was
represented by the first axis of PCoA. A structural equation model (SEM) was established
using Amos 24.0 software to evaluate the effects of nitrogen addition and soil properties
(TN, NH4*-N, and pH) on microbial communities. The goodness of fit of the model was as-
sessed using the chi-square test (x?), p-value, and root mean square error of approximation
(RMSEA).

3. Results
3.1. Soil Properties in Response to N Addition

As depicted in Table 1, significant differences were observed in soil nutrients between
the two forest stands, primarily attributed to variations in tree species. Additionally,
nitrogen input significantly influenced soil nutrients in both stands. Compared to CK, the
soil SOM and K* content in the P. yunnanensis Franch. forest were significantly higher than
in the P. armandii Franch. forest. Conversely, the levels of pH, NH;*-N, and NO3;~-N were
notably lower in the P. yunnanensis Franch. forest. In the P. yunnanensis Franch. forest, an
increase in nitrogen input was correlated with a gradual rise in soil pH and initial increases
followed by decreases in NH;*-N and NO3;-N. On the other hand, in the P. armandii
Franch. forest, escalating nitrogen input resulted in a progressive decrease in soil pH and
K* content, while NO3~-N, SOM, and AP content showed an increase. The content of
NH,*-N initially rose and then diminished with increased nitrogen input.

Table 1. Soil properties analysis.

Soil Physicochemical Properties

Forest Types Treatments H SOM NH;*-N NO;—-N AP K+ TN
P (g'kg™1) (mg-kg1) (mg-kg1) (mg-kg1) (mg-kg1) (g'kg™1)
CK 4.17(0.04) © 64.67(4.13) @ 11.62(0.34) © 1.09(0.18) © 0.19(0.01) 2 29.19(7.02) 0.28(0.01) b
P. yunnanensis N10 4.25(0.02)® 70.73(11.27) @ 14.92(0.28) 1.64(0.08) @ 0.20(0.01) 2 19.81(1.23) © 0.30(0.00) @
Franch. Forest N20 4.32(0.04) *° 64.67(4.59) @ 16.14(0.34) @ 1.36(0.13) ® 0.17(0.04) 40.97(2.41) @ 0.29(0.01) 2
N25 4.35(0.04) 2 64.27(3.69) @ 15.08(0.20) 1.04(0.06) ¢ 0.22(0.02) 2 21.42(1.23)® 0.31(0.02) @
CK 4.71(0.02) 2 47.18(4.91)® 14.20(0.98) © 1.60(0.22) d 0.13(0.02) ® 25.17(2.32) @ 0.27(0.03) ®
P armandii N10 4.53(0.05)® 58.88(2.21) @ 18.53(0.29) @ 3.64(0.49) © 0.19(0.02) 2 22.49(1.39) 0.32(0.02) @
Franch. Forest N20 4.42(0.04) © 48.16(2.44)® 15.39(0.16) 8.80(0.24) ® 0.21(0.03) @ 19.28(1.61) 0.26(0.03) ®
N25 4.18(0.04) ¢ 62.00(3.84) 2 11.40(0.57) ¢ 9.71(0.21) 2 0.18(0.02) 20 21.42(1.23) ® 0.33(0.02)
N 0.000 *** 0.020 * 0.000 *** 0.000 *** 0.041 * 0.000 *** 0.001 **
Total Forest types 0.000 *** 0.000 *** 0.035 * 0.000 *** 0.103 0.000 *** 0.864
nyi‘é;e“ 0.000 *** 0.093 0.000 *** 0.000 *** 0.009 ** 0.000 *** 0.17

(1) Data are presented as means (standard errors), and the different letters within columns indicate signifi-
cant differences among treatments in the same stand (p < 0.05). (2) * indicates p < 0.05, ** indicates p < 0.01,
*** indicates p < 0.001. (3) Abbreviations: CK, 0 g-N-m*Z-a*I; N10, 10 g-N-m’z-afl; N20, 20 g-N-m*Z-a’l; and
N25, 25 g-N-m~2-a~1. SOM, soil organic matter; TN, total nitrogen; AP, available phosphorus; K*, potassium ion.
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3.2. Soil Microbial Diversity in Response to N Addition

Utilizing a-diversity indices to evaluate soil microbial diversity and richness under
control conditions (CK), the P. yunnanensis Franch. forest exhibited significantly higher
numbers of OTUs, Shannon index, and Chao index for soil bacterial communities compared
to the P. armandii Franch. forest. However, the trend was reversed for fungal communities.
In the P. yunnanensis Franch. forest, nitrogen addition notably decreased the OTUs, Shannon
index, and Chao index of bacterial communities in a dose-dependent manner (CK > N10 >
N20 > N25). Conversely, in the P. armandii Franch. forest, nitrogen supplementation led
to increases in these indices for bacterial communities, with the most pronounced effects
observed at the lowest level of nitrogen addition (N10). Regarding soil fungal communities
in the P. yunnanensis Franch. forest, nitrogen addition had a stimulatory effect on the
OTUs, Shannon index, and Chao index, with the N20 treatment showing more significant
enhancement than the N10 and N25 treatments. However, in the P. armandii Franch. forest,
nitrogen addition resulted in decreased OTUs and Chao index for fungal communities,
while the Shannon index increased. Overall, the varying levels of nitrogen addition and
the distinct characteristics of the two forest types significantly influenced the x-diversity
of both soil bacterial and fungal communities in the subalpine forests of central Yunnan.
These effects were found to be statistically significant (p < 0.001; Table 2).

Table 2. Soil bacterial and fungal alpha diversity analysis.

Forest Tvpes Bacteria Fungi

yP Treatments OTUs Shannon Chao OTUs Shannon Chao

CK 3416(189) 2 5.92(0.05) 2 4068(201) @ 481(28) 2.69(0.11) € 487(34)
P. yunnanensis N10 2787(17) be 5.85(0.04) ab 3524(112) b 884(4) @ 3.21(0.07) b 1087(34) b
Franch. Forest N20 2578(95) 5.82(0.05) 3200(190) P 886(33) @ 3.83(0.22) 2 1128(58) @
N25 2819(118) ® 5.78(0.03) b 3322(231) ® 793(16) ® 3.07(0.02) b 1028(10)

CK 2388(153) © 5.63(0.06) © 2778(59) © 741(37) @ 2.76(0.06) 2 973(57) @

P. armandii N10 2979(103) 2 6.00(0.05) 2 3758(87) 2 287(51) 3.20(0.07) 305(34)
Franch. Forest N20 2689(65) b 5.99(0.02) 2 3161(176) P 363(15) be 2.80(0.02) 456(44) b
N25 2217(148) <d 5.83(0.10) b 2683(65) © 434(57) P 3.93(0.14) © 444(60) ®

N 0.000 *** 0.000 *** 0.000 *** 0.291 0.000 *** 0.014 *

Total Forest types 0.000 *** 0.307 0.000 *** 0.000 *** 0.51 0.000 ***
nyi"er:“ 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 ***

(1) Data are presented as means (standard errors), and the different letters within columns indicate significant
differences among treatments in the same stand (p < 0.05). (2) * indicates p < 0.05, *** indicates p < 0.001.
(3) Abbreviations: CK, 0 g-N~m’2~a*]; N10, 10 g~N~m*2~a’1; N20, 20 g-N-m’2~a*]; and N25, 25 g-N-m’2~a*].

Notably, significant alterations were observed in the fungal communities of both
forest types (p < 0.05), whereas the bacterial communities exhibited no substantial changes,
revealing that the composition of fungal species is more responsive to nitrogen addition
compared to most bacterial species (Figure 2).

3.3. Effects of N Addition on Soil Microbial Community Composition

The predominant bacterial taxa in both the P. yunnanensis Franch. and P. armandii
Franch. forest soils were Acidobacteria and Proteobacteria, constituting approximately 58.82%
to 68.39% of the total community. In a similar pattern, the dominant fungal taxa were
Basidiomycota and Ascomycota, comprising about 79.17% to 91.79% of the community. The
Acidobacteria phylum is about twice as abundant in P. yunnanensis Franch. forests compared
to P. armandii Franch. forests. Conversely, the Proteobacteria phylum was significantly more
abundant in P. armandii Franch. forests (p < 0.05; Figure 3a). However, the difference in the
relative abundance of fungal taxa between the two forests was not substantial (Figure 3b).
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Figure 2. Principal coordinate analysis (PCoA) was performed to analyze the bacterial and fungal
communities in different forest stands under varying levels of nitrogen addition using an OTU
table. Abbreviations: CK, 0 g:N-m~2-a~1; N10, 10 g-N-m~2-a~!; N20, 20 g-N-m~2-a~!; and N25,
25 ¢.N-m~2-a~!. YB, the bacterial community of P. yunnanensis Franch. forest; YF, the fungal
community of P. yunnanensis Franch. forest; HB, the bacterial community of P. armandii Franch. forest;
HF, the fungal community of P. armandii Franch. forest.

In P. yunnanensis Franch. forests, the relative abundance of the Acidobacteria phy-
lum within the soil bacterial community significantly increased at low nitrogen levels
and decreased markedly at higher nitrogen levels (N10 > N20 > N25 > CK), while other
bacterial phyla showed no notable response to nitrogen addition (Figure 3a; Table S2).
For soil fungal taxa, the Rozellomycota phylum significantly declined with increasing ni-
trogen addition. Ascomycota showed a notable increase only at the N10 level, and Mu-
coromycota increased significantly at N25. Correlation analysis indicated a significant
positive correlation between the Acidobacteria phylum and NO3;™-N (p < 0.001) and a signif-
icant negative correlation between the Rozellomycota phylum and both NH;*-N and pH
(p < 0.05) (Table S3). In P. armandii Franch. forests (Table 54), nitrogen addition significantly
affected the relative abundance of the Acidobacteria and Chloroflexi phyla in soil bacteria,
with an increase observed at low nitrogen levels and a decrease at high levels. The relative
abundance of Proteobacteria was substantially reduced, showing no significant differences
among the various nitrogen levels. Acidobacteria were positively correlated with NH;*-N,
whereas Proteobacteria showed a significant negative correlation with NO3; ~-N and AP and
a positive correlation with K*. The Actinobacteria phylum was positively correlated with
AP and negatively with K* (Table S4). Compared to CK, nitrogen addition significantly
increased the relative abundance of Ascomycota and decreased that of Basidiomycota in
fungal taxa. The relative abundance of Mortierellomycota was highest at the lowest nitrogen
input level (N10) but was suppressed at N20 and N25. Correlation analyses revealed a
significant positive correlation of Basidiomycota with pH and negative correlations with
SOM and TN. Ascomycota showed significant negative correlations with pH and positive
correlations with SOM and TN; Mortierellomycota were significantly positively correlated
with NH4*-N (Table S5).
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Figure 3. The relative abundance of bacteria and fungi at the phylum level. Relative abundance at
the bacterial phylum level (a); relative abundance at the fungal phylum level (b). Abbreviations:
CK, 0g:N-m~2.a~1;N10, 10 g'N-m~2-a~1; N20, 20 g-N-m2-a~!; and N25, 25 g-N-m~2-a~ 1. YB, the
bacterial community of P. yunnanensis Franch. forest; YF, the fungal community of P. yunnanensis
Franch. forest; HB, the bacterial community of P. armandii Franch. forest; HE, the fungal community
of P. armandii Franch. forest.

3.4. Soil Microbial Co-Occurrence Networks

In the P. yunnanensis Franch. and P. armandii Franch. forests, the total number of
nodes in the bacterial co-occurrence networks was comparable to those of their respective
controls (CKs). However, the network of the P. yunnanensis Franch. forest exhibited a
39.5% increase in connecting edges compared to that of the P. armandii Franch. forest
(Figure 4). This difference underscores the greater complexity of bacterial interspecies
interactions within the P. yunnanensis Franch. forest. With increased nitrogen application
in the P. yunnanensis Franch. forest, there was a notable decrease in the total number
of nodes, the number of connecting edges, and the average degree of the soil bacterial
co-occurrence network, accompanied by an increase in modularity value. Conversely, in
the P. armandii Franch. forest, these parameters initially decreased and then increased as
nitrogen levels rose, reaching their peak in the N20 treatment. The ratios of modularity
values and positively correlated edges exhibited an inverse trend, suggesting that the
complexity of bacterial interspecies relationships was reduced with increased nitrogen in
the P. yunnanensis Franch. forest, whereas it was augmented in the P. armandii Franch. forest,
reaching significant enhancement at the N20 treatment level and indicating a threshold for
nitrogen-induced promotion.

The properties of the fungal co-occurrence networks in both forests demonstrated
trends opposite to those observed in their bacterial counterparts (Figure 5). In both forest
types, the number of total nodes under control conditions (CKs) was comparable, yet
the total number of connected edges in the fungal network of the P. yunnanensis Franch.
forest was significantly lower than that in the P. armandii Franch. forest, indicating lesser
complexity in fungal interspecies relationships in the former. For both forests, the total
number of nodes, the number of connecting edges, and the average degree of the soil
fungal co-occurrence network initially increased and then decreased following nitrogen
addition treatments. Conversely, the modularity values exhibited a decrease followed by
an increase, peaking in the N20 treatments. These patterns suggest that lower levels of
nitrogen addition promote stabilization and complexity of fungal networks in both forests,
whereas higher levels of nitrogen do not sustain this positive effect and may even inhibit it.
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3.5. Relationships between Microbial Community and Soil Chemical Properties

Soil properties emerged as key determinants of the differences in bacterial and fungal
community compositions across the forest types. RDA supported this observation, reveal-
ing that environmental factors accounted for 63.67% and 85.89% of the variations in soil
bacterial communities and 81.03% and 77.04% in the fungal communities of P. yunnanensis
Franch. and P. armandii Franch. forests, respectively (Figure S1). Random forest analysis
identified NH4*-N as a crucial factor influencing the composition and abundance of soil
bacterial and fungal communities in the P. yunnanensis Franch. forest and the bacterial com-
munities in the P. armandii Franch. forest. Additionally, AP was pinpointed as a primary
variable impacting the soil bacterial communities in the P. armandii Franch. forest. Soil pH
also played a significant role in these community dynamics (Figure 6a). We further explored
the effects of nitrogen addition on soil-microbe diversity in these subalpine planted forests
through a structural equation model (Figure 6b). The model exhibited a good fit for the
P. yunnanensis Franch. forest (x> = 4.515, df = 7, p = 0.719, RMSEA < 0.001) and for the P.
armandii Franch. forest (x> = 11.496, df = 6, p = 0.074, RMSEA < 0.05). In the P. yunnanensis
Franch. forest model, soil pH negatively influenced bacterial x-diversity, while NH;*-N
content positively affected fungal «-diversity. TN content had a negative impact. In the
P. armandii Franch. forest model, soil pH negatively affected both bacterial and fungal
o-diversity. NH4"-N content positively influenced bacterial diversity, and TN content
positively affected fungal diversity. A significant negative interaction between bacteria and
fungi was also observed in this model (Figure 6b). In conclusion, NHs*-N and pH were
identified as the primary factors influencing the soil bacterial and fungal communities in
both forest types.

a . o b %=4.515, df<7, P=0.719, RMSEA<0.001,
NH-N CFI-1.000, TLI-1.089
pH * Nitrogen
deposition
NO,-N =
8
K* 5|
S
™ YB Y S
AP
Som %, :
0 2 4 6 8 10 12 2 4 6 8 10 12 14
Increase in MSE(%) Increase in MSE(%) ‘ Bacterial }—_{ Fungal ‘
%=11.496, df=6, P=0.074, RMSEA<0.05,
AP NH,-N CFI=0.95, TLI=0.91
pH ™ Nitrogen
deposition
NO,;-N pH
NH,N| NO,-N
™ SOM
2 HB ‘
SOM AP
o 2 4 6 & 10 12 14 16 o 2 4 6 8 10 12 14
. . : 614(0.018)|
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Figure 6. Soil properties drive the variation of soil bacterial / fungal community structure and richness.
Random forests were used to determine the importance of the variable (a). Structural equation
modeling (SEM) in soil-microbial community systems in response to N addition (b). Abbreviations:
* indicates p < 0.05, ** indicates p < 0.01; pH, pondus hydrogenii; SOM, soil organic matter; NH,*-
N, soil ammonium N; NO3™-N, soil nitrate N; TN, total nitrogen; AP, available phosphorus; K*,
potassium ion; B. « index: bacterial « index; F. « index: fungal « index; YB: the bacterial community
of P. yunnanensis Franch. forest; YF: the fungal community of P. yunnanensis Franch. forest; HB:
the bacterial community of P. armandii Franch. forest; HF: the fungal community of P. armandii
Franch. forest. Red arrows indicate significant positive correlations (p < 0.05), green arrows indicate
significant negative correlations (p < 0.05), and gray arrows indicate non-significant relationships
(p > 0.05).
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4. Discussion

With the influence of global environmental changes and human activities, atmospheric
nitrogen deposition in forest ecosystems in subtropical regions of China continues to
increase. The study of soil microbial community response to nitrogen deposition in subtrop-
ical artificial coniferous forests provides an important basis for predicting the ecological
consequences of the future increase in atmospheric nitrogen deposition as well as the scien-
tific and sustainable management of the ecosystem. In this study, four nitrogen application
gradients were established for long-term simulated nitrogen deposition experiments, and
the response of soil microbial diversity and community composition of subtropical planta-
tion forests to long-term nitrogen deposition in different stand types was systematically
investigated. Our research found that different afforestation tree species have varying
effects on soil pH, nutrient content, and microbial communities. Additionally, sustained
high levels of nitrogen addition negatively impact microbial community diversity, with
fungal communities being more sensitive to nitrogen addition than bacterial communi-
ties. Soil pH and nitrogen availability jointly regulate the diversity of soil bacterial and
fungal communities.

4.1. Afforestation Tree Species Differences Lead to Distinct Responses of Soil Microbial Diversity to
Nitrogen Addition

Consistent with our hypothesis, the continuous four-year nitrogen addition signif-
icantly altered soil microbial diversity in two planted forests, each exhibiting distinct
responses to the nitrogen input. The divergence among ecosystem types and background
pH values contributes to variations in soil resistance and stability in response to nitrogen
deposition [31]. It is generally accepted that metal cations in soils act as the primary mecha-
nism for buffering against soil acidification, which is typically balanced by the interaction
between potassium (K*) and acidic (hydrogen, H*) cations [46,47]. Despite both forests
being coniferous and sharing acidic soil characteristics within the same research area, their
responses to nitrogen addition varied markedly. In the P. yunnanensis Franch. forest, nitro-
gen addition led to an increase in soil pH (from 4.17 to 4.35) and K* content. Conversely, in
the P. armandii Franch. forest, both soil pH (from 4.71 to 4.18) and K* content gradually
decreased, highlighting a notable difference in their buffering capacities against nitrogen
disturbances. The well-known process of soil acidification in the nitrogen cycle occurs as
bacteria oxidize ammonium to nitrate, producing hydrogen ions during nitrification [48],
which was evident from the decrease in pH observed in the P. armandii Franch. forest,
where ammonium and nitrate nitrogen showed opposing trends. Additionally, a signif-
icant increase in SOM content was observed in the P. armandii Franch. forest following
nitrogen addition. From a microbial perspective, nitrogen addition typically reduces SOC
mineralization, which is interpreted as a reduction in microbial nitrogen mining, thereby
retaining more carbon in the soil [49]. Furthermore, the nitrogen-induced increase in SOM
may also enhance soil cation exchange capacity (CEC) and contribute to a reduction in soil
pH levels [47].

It is widely accepted that nitrogen addition generally has a negligible effect on the
diversity of fungal communities [50]. Fungi, compared to bacteria, typically require less
nitrogen [51] and are capable of degrading complex organic compounds more slowly [25].
This resistance to changes is primarily because fungi are not sensitive to alterations in soil
pH, which are significantly influenced by nitrogen addition [47]. Contrary to our second
hypothesis, our research revealed that the diversity of fungal communities was impacted
by nitrogen addition in a manner similar to that of bacterial communities. This unexpected
outcome could be attributed to the presence of polymerized phenolic compounds, such
as lignin and tannins, in pine forest soils, which represent complex, low-quality carbon
sources that are difficult to decompose. Interestingly, fungi do not necessarily favor these
tough-to-degrade sources of organic matter [51]. Furthermore, a microculture experiment
demonstrated that both fungi and bacteria were inefficient at utilizing these low-quality
carbon sources during the later stages of apoplastic decomposition [52]. This suggests
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that additional nitrogen might have comparable effects on both bacterial and fungal com-
munities. After nitrogen addition, the 3-diversity of soil fungal communities in both P.
yunnanensis Franch. and P. armandii Franch. forests exhibited more pronounced differences
compared to bacterial communities. This highlights the heightened sensitivity of fungal
communities, which play a crucial role in soil carbon cycling in organically rich soils, to
nitrogen addition [53].

4.2. Nitrogen Addition Alters the Relative Abundance Composition of Microbial Communities

In the P. yunnanensis Franch. planted forests, the OTUs, Chao index, and Shannon
index of soil bacteria significantly declined following nitrogen addition. Conversely, in the
P. armandii Franch. forests, these indices for soil bacteria notably increased post-nitrogen
addition compared to CK, although values were lower at N20-N25 levels than at N10. This
indicates a threshold effect in nitrogen-induced microbial growth stimulation, potentially
due to pH reductions at higher nitrogen levels (N20-N25) leading to magnesium/calcium
deficiencies and aluminum toxicity in the soil, adversely affecting soil bacteria [54,55].
While tree species differences caused variations in soil bacterial responses to nitrogen
addition, the observed inhibition at high nitrogen levels in the P. armandii Franch. forest
suggests that prolonged high nitrogen addition could detrimentally affect the soil bacterial
community in subtropical coniferous forests, albeit to varying extents [56]. The N10 and
N20 treatments enhanced the a-diversity and richness of soil fungal communities in the P.
yunnanensis Franch. forest. However, the a-diversity and richness in the N25 treatment
were lower than those in the N10 and N20 treatments, signifying a nutrient limitation
threshold. This could be due to increased nitrogen at N25 leading to limitations in other
nutrients, such as phosphorus and potassium, thus reducing the diversity of root-associated
fungi [57,58]. In contrast, nitrogen addition at all levels significantly reduced the OTU
number and Chao index of soil fungal communities in the P. armandii Franch. forest
while only increasing the Shannon index. Given the Chao index’s sensitivity to changes
in rare taxa [50], this suggests that nitrogen addition negatively impacts the soil fungal
community in the P. armandii Franch. forest, although the impact is less pronounced than
in the P. yunnanensis Franch. forest. Several studies have noted large differences in root
exudation between species [59], which is a key mediator of plant-microbe-soil interactions,
affecting soil organic matter decomposition, nutrient cycling, and microbial community
composition [60,61]. Different patterns of root exudation in P. yunnanensis Franch. and P.
armandii Franch. may differentially respond to additional nitrogen, leading to variations in
changes in the relative abundance of soil microbes.

Notably, the relative abundance of Acidobacteria was about twice as high in the P.
yunnanensis Franch. forest compared to the P. armandii Franch. forest, while Proteobacteria
were significantly more abundant in the P. armandii Franch. forest than in the P. yunnanensis
Franch. forest. This disparity can be linked to differences in soil pH and nitrogen availability
between the two forest types. Acidobacteria, which are typically oligotrophic, favor acidic
environments [62], whereas Proteobacteria often thrive in nutrient-rich conditions [63,64].
The levels of NO3;~-N and NH,*-N were substantially higher in the soil of the P. armandii
Franch. forest, providing a nitrogen-rich environment conducive to Proteobacteria growth.
Elevated nitrogen levels in the soil can increase competition for resources and alter soil
nutrients, thereby affecting the ecological niches of certain microbial taxa and, thus, their
relative abundance within the overall community [65]. Nitrogen addition significantly
increases the relative abundance of Chloroflexi, which are involved in the second step of
nitrification [66]. The higher soil NO3~-N content resulting from nitrogen addition in the
P. armandii Franch. forest provides ample nutrients for Chloroflexi growth, peaking in the
N20 treatment [67]. However, nutrient enrichment from high-level nitrogen addition (N25)
is not conducive to Chloroflexi reproduction, possibly due to close interactions between
Chloroflexi and other microorganisms, with high levels of added nitrogen having a toxic
effect on other microbial community members.
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Unlike previous studies, although the fungal community composition of P. yunnanensis
Franch. and P. armandii Franch. forests was similar, their responses to nitrogen addition
differed significantly [68]. In the P. yunnanensis Franch. forest, most fungal phyla exhibited
strong resilience against nitrogen-induced environmental stress, except for a significant
decrease in Rozellomycota with increasing nitrogen levels. Simultaneously, a significant
negative correlation was observed between the relative abundance of Rozellomycota and
soil pH. This observation suggests that Rozellomycota may have higher competitive survival
capabilities in acidic environments. However, due to the presence of numerous parasitic
fungi within Rozellomycota [69], further investigation is warranted to elucidate its ecological
adaptability and biological characteristics. In the P. armandii Franch. forest, nitrogen
addition significantly reduced the relative abundance of Basidiomycota and increased that
of Ascomycota. Ascomycota, known for their responsiveness to high nutrient levels, play
a critical role in decomposing organic matter in the soil [65]. Here, a significant positive
correlation was found between Ascomycota’s relative abundance and SOM, which increased
with higher nitrogen content [70]. Basidiomycota, crucial for soil carbon cycling processes
like litter and lignin decomposition in fertile forests [71], represents a slower-growing
fungal type [72]. It competes with Ascomycota for resources in limited ecological niches.
The decrease in Basidiomycota’s relative abundance might reduce competition for resources,
thereby facilitating the increase in Ascomycota’s abundance [73].

Ecosystem stability hinges not only on community composition but also on the associ-
ations and co-occurrence networks among microbial communities [74,75]. In our study, we
analyzed microbial community networks using correlations among OTUs, noting that posi-
tive and negative relationships among OTUs do not imply direct physical interactions but
rather indicate co-occurrence [76]. Our results demonstrated that based on co-occurrence
network attributes, bacterial interaction complexity was higher in P. yunnanensis Franch.
forests than in P. armandii Franch. forests. Conversely, fungal interaction complexity was
lower in P. yunnanensis Franch. forests. This disparity reflects the varying capacities of mi-
crobial communities to withstand nitrogen-induced disturbances influenced by differences
in soil pH and nutrient availability. In P. yunnanensis Franch. forests, nitrogen addition led
to reductions in the number of nodes, edge connections, and average degree in bacterial
networks, paralleled by increased modularity and reduced network complexity. This un-
derscores the detrimental impacts of nitrogen on bacterial communities in these forests,
potentially due to constrained carbon (C) and phosphorus (P) resources following nitrogen
addition, thereby diminishing their diversity and network complexity [77]. In P. armandii
Franch. forests, bacterial interaction complexity was augmented with nitrogen addition, but
a threshold was observed beyond continuous high-level nitrogen addition (N20), corrobo-
rating the «-diversity findings. This suggested that sustained high-level nitrogen addition
could negatively impact soil bacterial communities in subtropical coniferous forests, with
varying degrees of influence. In both forests, the fungal networks exhibited increases
in nodes, edge connections, and average degree with nitrogen application, peaking at
N20, revealing that low-level nitrogen addition fosters fungal community growth while
continuous high-level nitrogen addition impedes this enhancement, adversely affecting
fungal co-occurrence and network stability in both forest types.

4.3. Drivers of Microbial Community Responses to Nitrogen Addition

Consistent with our third hypothesis, nitrogen addition significantly influenced soil
pH and nitrogen availability in two coniferous forests, consequently affecting soil microbial
communities. The random forest model identified NH4"-N, pH, and AP as key factors
shaping the composition and abundance of bacterial and fungal communities in both forest
types. Further, the structural equation model demonstrated that nitrogen addition altered
soil chemical properties (pH, NH;*-N, and TN), significantly impacting the alpha diversity
of bacterial and fungal communities in both forests. Thus, NH4*-N and pH emerged as
the primary factors regulating these soil communities. Nitrogen inputs into ecosystems
contribute to soil acidification mechanisms [31]. The conversion of urea to NH4*-N in the
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soil, either fixed or volatilized by microorganisms or plants [78], generates H*, contributing
to acidity. The oxidation of NH;* to NO3;~ also increases net H* production, further
promoting soil acidification. Additionally, the rise in organic nitrogen can enhance root
biomass, potentially increasing the uptake of alkaline cations (e.g., Ca?*, Mg?*, and K*),
thus reducing soil buffering capacity and inducing acidification [79], which detrimentally
affects microbial communities. This is also the underlying cause of pH reduction in P.
armandii Franch. forests. Conversely, nitrogen addition can accelerate the release of alkaline
cations from litter and roots by promoting decomposition [80], enhancing soil buffering
capacity, and mitigating acidification. The increase in soil pH in P. yunnanensis Franch.
forests may be related to this process. NHs*-N positively affected fungal community
abundance in P. yunnanensis Franch. forests and bacterial communities in P. armandii
Franch. forests, likely due to excess nitrogen leading to NH4* accumulation, to which many
microorganisms are sensitive [81], thus alleviating resource limitations and enabling specific
species to thrive. TN exhibited contrasting effects on fungal x-diversity in the two forest
types, possibly due to differing nitrogen utilization abilities among fungi. For example, in
P. yunnanensis Franch. forests, the abundance of Ascomycota was positively correlated with
TN, while the adverse impact of TN on fungal abundance in these forests may be linked
to such differences [82]. AP, as a crucial factor in regulating the bacterial communities in
P. armandii Franch. forests, could be attributed to low nitrogen addition, which enhances
microbial phosphorus acquisition and stimulates microbial growth. However, continuous
nitrogen increases may lead to phosphorus limitations in the ecosystem, causing an N and
P nutrient imbalance and thus affecting the bacterial communities and abundance in P.
armandii Franch. forests.

5. Conclusions

In conclusion, our study demonstrates that after four years of continuous nitrogen
addition, the soil microbial communities in subtropical planted coniferous forests exhibit
varied responses that are dependent on the afforestation tree species. This variability is
reflected in changes to soil pH, nutrient content, and the dynamics of microbial communi-
ties. Notably, prolonged high-level nitrogen addition has consistently led to detrimental
effects on microbial community diversity. Fungal communities, in particular, show greater
sensitivity compared to bacterial communities, with significant changes observed in their
diversity, community structure, and network properties in response to nitrogen addition.
This study underscores that soil pH and nitrogen availability are crucial factors influencing
the diversity of soil bacterial and fungal communities in these forests. These findings
offer valuable theoretical insights into the long-term effects of nitrogen deposition on soil
microbes in subtropical planted coniferous forests and elucidate the complex relationships
between soil microbial communities and soil properties.
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Abstract: This study aimed to evaluate the effect of inoculants of endophytic bacteria producing
indoleacetic acid (IAA) on the physiological quality of seeds and the production of seedlings of
Corymbia citriodora (Hook.) KD Hill & LAS Johnson. In the physiological quality test of the seeds,
the treatments used were individual inoculation with Priestia megaterium, Exiguobacterium sibiricum,
Pantoea vagans strain 45URP4-1, and Bacillus sp.; joint effect of the four strains (mix); inoculation
only with the carrier (cassava starch and activated charcoal); carrier with 1.0 pg mL~1 of IAA;
and non-inoculated control without IAA and without a carrier. In the production of seedlings in
a greenhouse, the treatments were the same, except for the mix, which was replaced by P. vagans
strain 7URP1-6 (Pvs7), as inoculation with the mix increased the number of abnormal seedlings. In
the physiological quality test of seeds, seeds inoculated with the bacteria individually did not have
the physiological quality impaired and the carrier created a microenvironment around the seeds,
benefiting germination percentage, germination speed index, average germination time, and average
germination speed. In the greenhouse, seedlings inoculated with Pvs7, P. megaterium and E. sibiricum
were taller, with a larger stem diameter and dry mass of shoot, roots, and total. Seeds inoculated
with E. sibiricum had higher averages for height, chlorophyll b content, and shoot and total dry mass,
as well as a greater ability to colonize the rhizosphere and roots of C. citriodora, resulting in the
production of higher-quality seedlings. Inoculation of seeds of C. citriodora with endophytic bacteria
proved to be a promising alternative for plant development.

Keywords: bacterial inoculant; microenvironment; IAA; colonization

1. Introduction

Plant growth-promoting bacteria (PGPB) can be divided into two groups regarding
their colonization: rhizospherical and endophytic [1]. The rhizosphere bacteria colonize the
roots externally, while the endophytic ones colonize internally. Endophytes, by colonizing
plant tissues internally, may be more likely to associate with plants, as they will be protected
from the adverse effects of the environment, such as edaphoclimatic variations (rainfall,
drought, and pH changes, among others) and competition with other microorganisms [2,3].
PGPB benefits plants through the synthesis of phytohormones, facilitating the absorption
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of nutrients in the soil by promoting root growth and the synthesis of enzymes such as
nitrogenase, nitrate reductase, urease, and catalase; siderophores production; fixation of
atmospheric nitrogen; antagonizing plant pathogens; and inducing resistance to biotic
and abiotic factors [4-6]. In return, the plant provides protection and photoassimilates for
bacterial growth and propagation.

Inoculating seeds with bacteria is a common practice in oilseed crops, such as soybeans,
as it improves plant development [2]. According to Paravar et al. [6], coating seeds with
microorganisms is a method that can improve the physiological and physical properties
of seeds, as well as plant growth rates, and alleviate biotic and abiotic stresses. Despite
the benefits, this technique has yet to be widespread in forest species, as is the case with
species of the genus Corymbia. Corymbia species are difficult to propagate vegetatively due
to recalcitrance to rooting. For this reason, many plantations end up being established
via seminal means, as occurs with the species Corymbia citriodora [7,8]. C. citriodora is a
species of Australian origin, adapted to different soil and climate conditions; wood is used
in the production of charcoal, firewood, posts, and sawmills, among other uses [7,9]. The
essential oil extracted from its leaves is used as a raw material for the perfumery, cleaning,
and pharmaceutical industries [7].

Although bacteria inoculation of seeds benefits plant development, bacteria can pro-
duce compounds that, in large quantities, are harmful to the physiological quality of seeds,
such as indoleacetic acid (IAA). IAA is a hormone belonging to the auxin group, which acts
mainly in the formation of lateral roots and root hair. Excess IAA becomes harmful due to
auxins, in general, having herbicidal action [10]. The production of 171.1 ug mL~! of IAA
by Rhizobium lequminosarum resulted in loss of seed vigor and the formation of abnormal
lettuce seedlings [11]. The strains 7URP1-6 and 45URP4-1 of Pantoea vagans, 11URP4-2 of
Priestia megaterium, 19RP3L2-7 of Exiguobacterium sibiricum, and 58 CRP4-3 of Bacillus sp.,
used in the study, produce between 85 and 129 ug mL~! of IAA in vitro [12].

Therefore, physiological quality tests must be developed to verify whether the bacteria
inhibit seed germination before inoculating them en masse. If bacteria do not inhibit
the physiological quality of seeds, their potential in plant development can be explored.
Thus, this study aimed to evaluate the effect of IAA-producing endophytic bacteria on the
physiological quality of seeds and the production of C. citriodora seedlings.

2. Material and Methods
2.1. Physiological Quality of Seeds
2.1.1. Inoculant Production and Seed Inoculation

The experiment was implemented at the Soil Microbiology Laboratory, Department of
Forest Engineering, Federal University of the Jequitinhonha and Mucuri Valleys (UFV]M),
Diamantina, Minas Gerais State of Brazil, in April 2021. The seeds of C. citriodora were
obtained from the company BENTEC-seeds®, inputs and technology, with a control record
CITRINCOSNYV and germination power of 80%. The seeds were disinfested in a laminar
flow chamber (Filterflux, Sdo Paulo, Brazil). For this, the seeds were washed six times with
distilled and sterilized water and immersed in 70% alcohol solution for 30 s and 5% sodium
hypochlorite for 15 min and then rinsed six times with distilled and sterilized water [13].

The bacteria were multiplied in 50 mL of Luria-Bertani liquid medium, composed of
10 g of tryptone, 5 g of yeast extract, and 5 g of sodium chloride per liter and incubated
(Shaker Incubator Cienlab, Sao Paulo, Brazil) at 28 °C for 72 h under orbital agitation of
120 rpm. Then, the culture was centrifuged (Kasvi K14-400) at 4000 rpm for 10 min to
remove the supernatant and preserve the bacterial mass. The bacterial cells were resus-
pended in 0.85% saline solution with the aid of the vortex (Kasvi K45-2810). Subsequently,
the cell density was diluted in the saline solution until the cell suspension reached the
optical density of 1.0 on a digital spectrophotometer (850MI) at a wavelength of 540 nm,
which corresponds to 10° CFU mL~!, using the saline solution as a blank [14].

The inoculation carrier was prepared using 5 g of cassava starch dissolved in 100 mL
of distilled and sterilized water (Autoclave Marte av 11), which was previously heated
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until the gum appearance was formed. Each 120 g of seeds was mixed with 5 mL of the
meticulously prepared gum. The carrier was composed of activated charcoal (porosity
0.8-2.0 nm), which corresponded to 30%-50% of the volume of the bacterial mass resus-
pended in saline solution. The charcoal was added to 5 mL of the suspension of each
bacterium, leaving for three minutes and, after this period, the mixture of charcoal and
bacteria was added to the seeds pre-treated with the gum [14] and placed to grow in rolls
of Germitest® papers.

2.1.2. Treatments and Experimental Design

The treatments used in this study were individual inoculation with Priestia megaterium
strain 11URP4-2, Exiguobacterium sibiricum strain 19RP3L2-7, Pantoea vagans strain 45URP4-
1, and Bacillus sp. strain 58CRP4-3; inoculation of seeds with four bacterial strains together
(Mix); inoculation of seeds only with the carrier used in the composition of the inoculant;
inoculation of seed with the carrier supplemented with 1.0 ug mL~! of IAA previously
dissolved in distilled and sterilized water [15]; and non-inoculated control, without TAA
and without inoculation carrier. The inoculant mix was prepared using the volume of % of
each strain.

The bacteria were chosen from the collection of the Soil Microbiology Laboratory of
the UFV]M for the greater production capacity of IAA in vitro by the cultivation method
supplemented with 10% tryptophan and determined by the occurrence of oxidation by
the Salkowski mixture [16]. The strains were isolated from eucalyptus roots previously
superficially disinfested to obtain endophytic ones [12]; their characteristics are presented
in Table 1.

Table 1. Characteristics of the bacteria used in the experiment.

Fertilization of

Species—Strain Isolated From the Substrate of Sy;lrtlh;iszfo()(f IAA Enzymes Synthesized Gram
(GenBank Code) Occurrence of the 1 H& In Vitro Staining
mL™)
Host Plant
e IZ;;S;;;_ Rooted cutting of
1§URP 4.0 Eucalyptus grandis x Yes 87 Catalase, urease Negative
(0Q983563) Eucalyptus urophylla
Exiguobacterium Catalase, nitrate
sibiricum— Adult plant of reductase, and phytate ..
19RP3L2-7 E. camaldulensis No 90 solubilizing Positive
(0Q983562) phosphatase
Catalase, nitrogenase,
Pantoe Rooted cutting of re dulgssse;rr:iiti?li ium
vagans—45URP4-1 E. grandis x Yes 129 and ’p hytate Negative
(0Q983564) E. urophylla solubilizing
phosphatases
Bacillus sp— Catalase, urease,
58CRP4-3 Seediings of Yes 95 nitrate reductase, and positive
(0Q983565) : p

siderophores

Source: Ramires [12].

The experimental design was completely randomized, with five replicates of 50 seeds
each per treatment. The seeds, which were inoculated with their respective treatments,
were packed in rolls with two sheets of paper towels Germitest® type moistened with
distilled and sterilized water in the proportion of 2.5 times the mass of the dry paper [17].
Then, the seeds were incubated in a BOD germination chamber (Solab Sb224) at 25 °C and
a photoperiod of 12 h.
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2.1.3. Evaluations

Daily and at the same time, the number of germinated seeds was counted and seeds
with radicle length equal to or greater than 2 mm were considered germinated. The
Germination Speed Index (GSI) was calculated by the equation GSI = ) (n;/t;), where
n; = the number of seeds that germinated at time “i”, t; = time after installation of the test;
and i =1 — 12 days [18]. The counts were made until the germination was stabilized.

After germination was stabilized, the following were evaluated:

- Germination percentage (GP): Calculated by the formula GP = (NG/NP) x 100, where
NG = number of seeds germinated at the end of the test and NP = number of seeds
placed to germinate;

- Average germination speed (AGS): Calculated by the equation AGS = 1/t where
t = average germination time;

- Average germination time (AGT): calculated by the equation AGT = (}_n;t;)/}_n;, where
n; = number of germinated seeds per day; t; = incubation time; and i =1 — 11 days;

- Percentage of dead seeds (PDS): PDS = (ND/NG) x 100, where ND = number of dead
seeds and NG = number of seeds placed to germinate;

- Entropy: calculated according to the procedure adopted by Labouriau and Val-
adares [19]. E = Zi(:l filog2.fi where: E = informational entropy; fi = relative fre-
quency of germination; and log2 = logarithm in base 2.

The number of normal and abnormal seedlings was also counted. The seedlings con-
sidered abnormal were those that did not have the potential to continue their development
and give rise to normal plants, even growing in favorable conditions, and the following
characteristics were analyzed: damage, deformations, and deterioration, both shoot and of
the root system [17].

2.1.4. Statistical Analysis

The data were submitted to the Durbin-Watson test, to verify the independence of
the errors, Shapiro-Wilk, to verify normality, and Bartlett, to verify the homogeneity of
variances. Then, the analysis of variance was performed (p < 0.01 and p < 0.05) and, when
significant, the means were grouped by the Scott-Knott test (p < 0.05). The statistical
program R version 4.3.1 and the package ExpDes.pt were used [20].

2.2. Production of Seedlings in Greenhouse
2.2.1. Treatments, Substrate, Conduction, Design, and Evaluations

The experiment was set up at the Olericulture Sector of UFVJM in March 2022. The
treatments were similar to those used in the previous experiment, with the difference
that the mix was not used due to the increase in the number of abnormal seedlings in the
germination test caused by it and the addition of the bacterium Pantoea vagans strain 7URP1-
6 (GenBank code: OQ996385). This strain is gram-negative, N-fixative, and isolated from
rooted cutting roots of the hybrid E. grandis x E. urophylla in a fertilized environment, with
in vitro production of 85 pg mL~! of IAA, synthesizing enzymes such as catalase, urease,
and nitrate reductase, besides being able to solubilize inorganic and organic sources of
phosphate, such as calcium phosphate and sodium phytate [12]. The inoculant production
and inoculation were the same as in the previous experiment.

Tubes of 55 cm® were filled with substrate composed of 70% coconut husk fiber
and 30% carbonized rice husk and fertilized with 2 kg m 3 of osmocote (NPK: 10-06-10),
1 kg m~3 of Superphosphate Simple (NPK: 00-17-00) and 1 kg m 2 of Mono Ammonium
Phosphate (NPK: 12-61-00) and then three seeds inoculated with their respective treatments
were sown in the substrate of each tube. Twelve days after sowing, once the emergence
was stabilized, thinning was carried out, leaving one plant per tube. Fifteen days after
sowing, a reinoculation with 5 mL per plant with its respective treatment was performed.
The reinoculation was performed with the aid of a 20 mL disposable syringe coupled to a
breast probe. The inoculant was applied close to the roots. Until the 60th day, the plants
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were fertilized weekly with Clark’s nutrient solution with % of the original strength and
from 60° to 120° the complete Clark solution was applied [21].

The experiment was conducted in a randomized block design with five blocks, with
each treatment, consisting of 15 plants. At 120 days after sowing, 10 plants were randomly
harvested from each treatment and the following were evaluated: plant height, measured
with a millimeter ruler; stem diameter, with a digital caliper (Digimess 100.179N); and
chlorophyll 2 and b content, quantified directly with a ClorofiLOG brand chlorophyllometer
(Falker CFL1030), according to the manufacturer’s instructions. Then, the shoot and roots
were separated. These were dried in an oven (Solab SL100) at 65 °C until reaching constant
weight and weighed on a precision analytical balance (Marte Ay220) to determine the shoot
dry mass (SDM) and the root dry mass (RDM) and calculated the total dry mass (TDM),
which was the sum of the SDM with the RDM.

2.2.2. Bacterial Quantification of Shoots, Roots, and Rhizosphere

Two plants from each treatment were harvested randomly and shoots and roots were
separated and then weighed. The plant tissues were superficially disinfested by sequential
immersion in 70% ethyl alcohol for one minute, in the mixture of 2% sodium hypochlorite
+0.1 mL of polysorbate Tween® 80 for two minutes for shoots and three minutes for roots
and, finally, in 70% ethyl alcohol for 30 s. Then, the plant tissues were immersed in distilled
and sterilized water and shaken manually for one minute; finally, they were rinsed with
distilled water and sterilized four more times, changing water with each new wash [22].

Before root disinfestation, the substrate was removed manually and the roots were
placed in saline solution (9 mL of saline solution per 1 g of roots) and agitated orbitally for
30 min at 200 rpm to displace the bacteria from the rhizosphere. The saline solution was
composed of one liter of distilled water plus 3.4 g of KHpPOy; 0.2 g of MgSQOy; 0.1 g of NaCl;
and 0.02 g of CaCly; 2 mL of the micronutrient solution (0.04 g of CuSO;; 1.20 g of ZnSOy;
1.40 g of H3BO3; 1.00 g of NagMoOy; and 1.175 g of MnSOy per liter of distilled water);
and 4 mL of ferric EDTA (1.64% solution) and 4.5 g of KOH, with the final pH adjusted at
7.0 [22]. Then, one gram of shoot and root tissue was macerated in grail containing 9 mL of
the saline above the solution.

The suspensions resulting from maceration were transferred to 90 mL vials and shaken
(Shaker Incubator Cienlab, Sao Paulo, Brazil) for 30 min at 200 rpm. Then, 1 mL of the
suspension was transferred to a Falcon polypropylene tube containing 9 mL of saline,
corresponding to the 10! dilution, with serial dilution up to 10~ for shoots and 10~ for
roots and rhizosphere. From the tubes of the last three dilutions of each part (shoot, roots,
and rhizosphere), 0.1 mL of the suspension was removed and transferred to Petri plates
with TSA medium (Tryptone Soy Agar). For each dilution, four replications were used and
the plates were incubated in a BOD (Solab Sb224, Sao Paulo, Brazil) chamber for three days
at 28 °C. After this period, the number of colonies was counted in the dilutions that allowed
growth between 25 and 300 colonies. The bacterial density was calculated considering the
dilution and the aliquot inoculated in the plate and expressed in the number of CFU per
gram of tissue, with the average of the plates of each treatment whose number of colonies
was between 25 and 300.

2.2.3. Statistical Analysis

The data of height, stem diameter, chlorophyll 2 and b content, and dry mass of roots,
shoot, and total were subjected to multivariate normality analysis, using the Doornik and
Hansen [23] test (p < 0.05). Then, multivariate analysis of variance was conducted using
Wilks Lambda, Pillai Trait, Hotelling-Lawley Trait, and Roy maximum root tests (p < 0.05).
Grouping analysis of treatments was carried out using the Ward method (formation of
homogeneous groups by the lowest minimum internal variance), being used as a reference
to the Euclidean distance and the Pearson coefficient. To discriminate the treatment groups
according to the agronomic variables of C. citriodora, canonical discriminant analysis was
performed, which was represented in a biplot graph constructed for the first two canonical
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variables. Then, 95% confidence ellipses were constructed to detect statistical differences
(p < 0.05) between treatment groups. All analyses were performed with R software version
4.2.2 [24]. The canonical discriminant analysis was performed with the aid of the candisc
package [25].

The number of CFU in the rhizosphere, roots, and shoots was submitted to the Durbin—
Watson, Shapiro-Wilk, Bartlett, and Tukey.1df tests to verify the independence of errors,
normality, homogeneity of variances, and additivity, respectively, and then the analysis
of variance. When there were significant differences, the means were grouped by the
Scott-Knott test (p < 0.05) using the statistical program R [24].

Finally, Pearson correlation was performed between the variables (threshold set at
0.60). A correlation network was set up to graphically illustrate Pearson correlation anal-
yses, in which the proximity between nodes is proportional to the absolute correlation
values between the variables. These analyses were carried out using the Rbio version 190
software [26].

3. Results
3.1. Physiological Quality of Seeds

Inoculation influenced the germination percentage and dead seeds, germination speed
index, average germination time, average germination speed, and number of normal
and abnormal seedlings. Entropy was the only variable that was not influenced by the
treatments (Table 2).

Table 2. Analysis of variance for germination percentage (GP), percentage of dead seeds (PDS),
germination speed index (GSI), average germination time (AGT), average germination speed (AGS),
number of normal (NS) and abnormal (AS) seedlings, and entropy (ENT) of Corymbia citriodora seeds
inoculated with Pantoea vagans strain 45URP4-1, Priestia megaterium, Exiguobacterium sibiricum, Bacillus
sp., inoculation carrier, inoculation carrier with 1.0 ug mL~1 of IAA and control without inoculation.

Source of
Variation

Mean Square

GP PDS GSI AGT AGS

+
(%) (%) (Days) (Days—1) NS AS

ENT (Bits)

Treatment
Residue

44.57 ** 44.57 ** 35.62 ** 0.49 ** 0.005 ** 13.43 ** 0.24 **
9.95 9.50 3.58 0.07 0.001 3.07 0.06

0.05 s
0.04

CV (%)

3.59 25.86 9.37 9.1 9.42 4.06 18.85

9.30

** significant at 1%; ™ not significant; CV: coefficient of variation; * statistics of data transformed by /(x + 1).

The highest percentage of germination, lowest percentage of dead seeds, and highest
number of normal seedlings were observed in seeds treated only with the inoculation carrier
and in those inoculated with the P. vagans strain 45URP4-1 (Table 3). The lowest germination
speed index, highest average germination time, and lowest average germination speed
were observed in the non-inoculated seeds, without carrier and without IAA, and the other
treatments did not differ for these variables. The seeds inoculated with the mix generated a
higher number of abnormal seedlings (Table 3).

Table 3. Germination percentage (GP), percentage of dead seeds (PDS), germination speed index
(GSI), average germination time (AGT), average germination speed (AGS), number of abnormal (AS),
and normal (NS) seedlings of Corymbia citriodora seeds inoculated or not with endophytic bacteria.

Treatments GP (%) PDS (%) GSI

AGT AGS

(Days) (Days—1) AS

NS

Control 85.20b 14.80 a 14.52Db 3.59 a 0.28b 0.8b
Carrier 9240 a 7.60 b 21.07 a 2.77b 0.36 a 04b

41.80b
45.80 a
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Table 3. Cont.

AGT AGS

Treatments GP (%) PDS (%) GSI (Days) (Days 1) AS* NS
Carrier with 1.0 ng mL~! of IAA 86.80 b 13.20 a 20.78 a 2.68 b 0.38 a 0.6b 42.80b
Pantoea vagans strain 45URP4-1 91.60 a 8,40b 23.58 a 2.57b 0.39a 04b 4540 a
Bacillus sp. 86.80 b 1320 a 21.61a 2.69b 0.38 a 04Db 43.00b
Exiguobacterium sibiricum 86.60 b 1640 a 18.97 a 2.84b 0.36 a 0.6b 41.20b
Priestia megaterium 88.40b 11.60 a 19.61 a 2.88b 0.35a 0.8b 43.40Db
Mix 87.40b 12.40 a 21.34a 2.86b 0.35a 24a 41.40Db

Means followed by the same letter in the column did not differ statistically by the Scott-Knott test (p < 0.05).
* Original means with statistics of the data transformed by /(x + 1).

3.2. Production of Seedlings in Greenhouse

There was a significant difference between the treatment by the multivariate Wilks
Lambda test, Pillai Trait, Hotelling-Lawley Trait, and Roy maximum root for the variables
plant height (PH), stem diameter (SD), and chlorophyll a (Ca) and b (Cb) content and dry
mass of roots (RDM), shoot (SDM), and total (TDM) of C. citriodora plants (Table 4).

Table 4. Multivariate analysis of variance for the vectors of treatment averages of Corymbia citriodora
plants inoculated with Pantoea vagans strains 7URP1-6 and 45URP4-1, Priestia megaterium, Exiguobac-
terium sibiricum, Bacillus sp., inoculation carrier, and inoculation carrier with 1.0 pg mL 1 of IAA and
control without inoculation.

Statistics Value lnum Df 2denDf  Aprox. F Pr>F
Wilks Lambda 0.05 49 136.42 2.26 0.0001 ***
Pillai trace 1.72 49 224 1.49 0.03*
Hotelling-Lawley trace 7.78 49 170 3.85 3.77 x 1071 #x
Roy maximum root 6.63 7 32 30.33 2.16 x 10712 *=

Inum Df: degree of freedom of the numerator; 2den Df: degree of freedom of the denominator. “*** 0.001 *’ 0.05;

Pr > F: F-test significance.

The treatments were grouped into four groups according to the characteristics PH,
SD, Ca, Cb, SDM, RDM, and TDM, being Group I. Control, control with carrier and carrier
with 1.0 pg mL~! of IAA. Group II: P. vagans strain 45URP4-1 and Bacillus sp. Group III: E.
sibiricum. Group 1V: P. vagans strain 7URP1-6 and P. megaterium (Figure 1).

The plants inoculated with E. sibiricum (group III), P. megaterium, and P. vagans strain
7URP1-6 (group 1V) had higher PH, SD, Cb content, RDM, SDM, and TDM, not differing
significantly from each other but differing from the plants inoculated with the other treat-
ments (Figure 2). The plants inoculated with E. sibiricum (group III) had PH = 16.97 cm,
SD=1.42mm, Cb =871, RDM = 1.04 g, SDM = 4.79 g, and TDM = 5.83 g; on average,
the plants inoculated with P. megaterium and P. vagans strain 7URP1-6 (group IV) had
PH =16.04 cm, SD = 1.46 mm, Cb = 8.23, RDM =1.05g, SDM =4.12 g,and TDM =5.16 g;
and while the plants that received the control treatments (group I) obtained the means of
PH =14.08 cm, SD =1.20 mm, Cb = 8.43, RDM =1.04 g, SDM =3.78 g,and TDM =4.82 g
(Table 5). The highest Ca content was 29.4, obtained in the plants treated with the con-
trol treatments (Group I). The average Ca contents of plants inoculated with E. sibiricum
(group III), P. megaterium, and P. vagans strain 7URP1-6 (group IV) were 28.75 and 28.09,
respectively. Plants inoculated with P. vagans strain 45URP4-1 and Bacillus sp. (Group
II) presented intermediate results, with means taller than Group I for PH (14.44 cm), SD
(1.41 mm), SDM (4.31 g), and TDM (5.33 g) (Figure 2).
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Figure 1. Grouping of dendrogram treatments with Euclidean distance considering the variables
plant height, stem diameter, chlorophyll a and b content, and dry mass of roots, shoot, and total plants
of C. citriodora inoculated with endophytic bacteria and treated with cassava starch and activated
charcoal (carrier), carrier with 1.0 ug mL~1 of IAA and control without inoculation (Control).
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Figure 2. Canonical discriminant analysis of the variables plant height (PH); stem diameter (SD);
shoot dry mass (SDM), root dry mass (RDM); total dry mass (TDM); chlorophyll a (Ca) and b (Cb)
content of Corymbia citriodora plants treated with cassava starch and activated charcoal; the carrier
with 1.0 ug mL~1 of IAA and control without inoculation (GI) and inoculated with Pantoea vagans
strain 45URP4-1 and Bacillus sp. (GII); Exiguobacterium sibiricum (GIII); and P. vagans strain 7URP1-6
and Priestia megaterium (GIV).
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Table 5. Means of plant height, stem diameter, chlorophyll a and b content, and dry mass of roots,
shoot, and total of Corymbia citriodora plants treated with endophytic bacteria.

Group
Variables
I II II1 v

Plant height (cm) 14.08 14.44 16.97 16.04
Stem diameter (mm) 1.20 1.41 1.42 1.46
Chlorophyll a 29.4 28.89 28.75 28.09
Chlorophyll b 8.43 8.37 8.71 8.23
Roots dry mass (g) 1.04 1.02 1.04 1.05
Shoot dry mass (g) 3.78 4.31 4.79 4.12
Total dry mass (g) 4.82 5.33 5.83 5.16

GI: Cassava starch and activated charcoal, the carrier with 1.0 pug mL~! of IAA and control without inoculation;
GII: Pantoea vagans strain 45URP4-1 and Bacillus sp.; GIII: Exiguobacterium sibiricum; GIV: P. vagans strain 7URP1-6
and Priestia megaterium.

The highest numbers of CFU in the roots and rhizosphere were observed in the plants
inoculated with E. sibiricum, followed by the roots of the plants inoculated with P. vagans
strain 7URP1-6 and in the rhizosphere of the plants inoculated with P. vagans strain 45SURP4-
1 (Table 6). In the shoot, the highest number of CFU was observed in plants inoculated
with P. vagans strain 7URP1-6. In the non-inoculated plants (control without inoculation,
only carrier and carrier with IAA), lower numbers of CFU in the roots and rhizosphere
were observed (Table 6). Overall, the plants had lower numbers of CFU in the shoot and
the CFU numbers of the rhizosphere and roots were close.

Table 6. Density of bacteria (CFU g of tissue™ 1) in the rhizosphere, roots, and shoot of Corymbia
citriodora plants inoculated or not with endophytic bacteria.

CFU g of Tissue1

Treatments

Rhizosphere Root Shoot
Control 4.0 x 107 e 42 x 107 e 6.4 x10*d
Carrier 1.6 x 108d 42x107 e 44x10°b
Carrier with 1.0 pg mL~1 of IAA 22x107 e 1.8 x 108 ¢ 3.0 x 10° ¢
Pantoea vagans strain 7URP1-6 71x107 e 29 x 108 b 6.1 x 10° a
Priestia megaterium 1.9 x 108 ¢ 7.8 x 107 d 43 x10°b
Exiguobacterium sibiricum 42 x10%a 53 x10%a 6.6 x 10*d
P. vagans strain 45URP4-1 2.9 x 108 b 1.5 x 108 ¢ 2.0 x 10° ¢
Bacillus sp. 23 x 108 ¢ 9.4 x 107 d 1.3 x 10°d

CV (%) 22.8 17.6 313

Means followed by the same letter in the column do not differ by the Scott-Knott test (p < 0.05). CV: Coefficient of

variation.

The only significant positive correlations were between SDM and TDM (0.95) and
between Ca and Cb content (0.65) (Figure 3).
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Figure 3. Correlation network illustrating Pearson’s correlations between the variables chlorophyll
a (Ca) and b (Cb); the number of colony-forming units of the shoot (CFUSH), roots (CFUR), and
rhizosphere (CFURH); stem diameter (SD); plant height (PH); and dry mass of roots (RDM), shoot
(SDM), and total (TDM) of Corymbia citriodora plants inoculated with Pantoea vagans strains 7URP1-6
and 45URP4-1, Priestia megaterium, Exiguobacterium sibiricum, Bacillus sp., inoculation carrier, and the
carrier with 1.0 pg mL~! of IAA and control without inoculation. The thicker greener lines represent
the highest positive correlations. The red lines represent the negative correlations.

4. Discussion

The absence of s significant difference between the treatments for entropy (Table 2)
shows that the bacteria and the carrier do not interfere in the organization and synchrony of
seed germination. Entropy measures the organization of a system, so the lower the entropy,
the greater the organization and synchrony of the system [27], in this case, represented
by the population of seeds analyzed in the germination test. Therefore, the bacteria alone
can be used in inoculant formulations for C. citriodora seeds as it does not interfere with
entropy and other variables of the physiological quality of the seeds (Table 3).

The increase in the number of abnormal seedlings by mixed inoculation (Table 3)
may have occurred due to competition between the strains for a niche [28], which may
have resulted in the synthesis of compounds that impaired seedling development. Before
establishing an association with plants, the bacterium—plant relationship can go through a
parasitic phase, which is the period when bacteria require photosynthates from the plant to
multiply and internally colonize the roots [29,30]. This may also have favored the increase
in the number of abnormal seedlings due to the number of inoculated strains and the con-
centration of the inoculant. The success of co-inoculation is closely related to the genotype
of the plant, with the proper selection of strains and the cellular concentration of each
one [4]. In the present study, no previous tests were performed. Only the concentration of
}1 of each inoculant was used to formulate the mix. For further studies with co-inoculation,
it is necessary first to select compatible strains and evaluate varying concentrations for
each bacterium.
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The benefits obtained with inoculations in the seed physiological quality test (Table 3)
cannot be attributed to bacterial strains, as treatment with only the inoculation carrier also
showed good results. Thus, it is inferred that the effects were not from the bacteria but from
the carrier created a microenvironment around the seed, providing them with better germi-
nation conditions. One of the main characteristics of a good inoculant is its ability to retain
moisture and avoid desiccation and, consequently, the death of microorganisms [31], which
also stimulates the germination of the seeds because the humidity favors the germination
process [32].

One of the main forms of application of inoculants is adhering the product to pre-
inoculated seeds stored before sale or at sowing [31]. Bacterial survival in the seed is mainly
diminished by three factors: desiccation, the toxic nature of the integument exudates, and
high temperatures [33]. As the factors humidity and temperature were controlled in the
physiological quality test of the seeds and the greenhouse experiment, the inoculation with
P. vagans strain 7URP1-6, P. megaterium, and E. sibiricum benefited the growth of the plants
(Figure 2); it is inferred that the benefits of the bacteria are not in the germination of the
seeds but in the development of the seedlings.

In the greenhouse, the better development of plants after the seeds were inoculated
with E. sibiricum (Figure 2) can be attributed to the colonization capacity of this species.
Analyzing colonization, the numbers of CFU in the roots and rhizosphere were taller in
the seeds inoculated with E. sibiricum (Table 6); one of the main points for the success
of the inoculation is the ability of the bacteria to colonize the plants [3]. The E. sibiricum
strain was the only one isolated from unfertilized environments and adult plants (Table 1).
Exiguobacterium species can grow in extreme environments, with limited nutrients and
temperatures ranging from —12 to 55 °C [34]. Thus, it is believed to have a greater ability
to interact with C. citriodora plants; however, this effect may vary according to the genotype
of the plant [35].

The in vitro IAA production of P. vagans strain 7URP1-6, P. megaterium, and E. sibiricum
is close, ranging from 85 to 90 g mL~! (Table 1). The best-known effect of auxins is the
stimulation of rooting, increasing the area of soil exploitation by the roots and also the
absorption of water and nutrients [36,37], consequently favoring plant development, as
observed in the study, namely with respect to taller plants, with larger stem diameter and
dry mass of the roots, shoot, and total (Figure 2). Sousa et al. [38] inoculated E. urophylla
seeds with Azospirillum amazonense and Stenotrophomonas maltophilia and also observed
better development of height, stem diameter, root length, and dry matter.

In addition to the synthesis of IAA, these strains synthesize catalase (Table 1), an
enzyme responsible for remediating the toxic effects of hydrogen peroxide on plant
metabolism. The E. sibiricum strain also synthesizes the enzyme nitrate reductase, mainly
responsible for the assimilation of nitrogen by plants, and P. megaterium to urease, an
enzyme responsible for the hydrolysis of urea into carbon dioxide and ammonia. The
7URP1-6 strain of P. vagans is N-fixing and synthesizes enzymes such as urease and nitrate
reductase, which, in the long term, can improve plant development, as well as being able
to solubilize inorganic and organic phosphate sources, such as calcium phosphate and
sodium phytate. Inoculation of rice seeds with P. vagans strain LYY2b, also producing IAA,
resulted in abundant root hair production, increased root and shoot length, and root hair
formation [39].

Although the strains 7URP1-6 and 45URP4-1 of P. vagans are of the same species,
their effects were different. 7URP1-6 improved seedling quality, while 45URP4-1 provided
intermediate seedling quality (Figure 2). This can be explained by the genetic variability
that exists within species, causing them to provide different results [35].

The lower number of CFU in the shoot of plants and the numbers of CFU in the
rhizosphere and nearby roots (Table 6) are explained by the colonization process since
endophytes usually colonize plants through the root system from sites with epidermal
damage, which arise naturally, due to the development of lateral roots, or by means of
root hairs. In the rhizosphere, exudates are also released in large quantities by the roots
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and both endophytic and rhizosphere bacteria grow. For this reason, it is believed that the
highest bacterial densities are in the rhizosphere and progressively decrease from the roots
through the stem and reach the leaves, where the density is lower [40].

The levels of chlorophyll a and b were positively and significantly correlated (Figure 3).
Chlorophyll a and b are pigments are associated with photosynthesis. They are usually
found in nature in a ratio of 3:1 [41], which may have balanced the effect of chlorophylls on
plant development because the non-inoculated plants (group I) had the highest chlorophyll
a content, while those inoculated with E. sibiricum (group III) had a taller chlorophyll b
content. It acts in the production of organic substances, being used in the photochemical
stage of photosynthesis since chlorophyll b is an accessory pigment and acts by increasing
the range of light absorption that can be used in the photosynthetic process [41].

Given the importance of inoculation and not yet having an inoculant for eucalyptus
seeds, the best development of plants after inoculation with P. vagans strain 7URP1-6, P.
megaterium, and E. sibiricum is a promising result, given the importance of C. citriodora for
the production of coal, cellulose, furniture, firewood, poles, sawmill, rails, manufacture
of floors, and extraction of essential oils from its leaves, among other applications [42,43].
The production of seedlings with taller quality in the greenhouse increases the chances of
survival in the field as it has greater chances of withstanding the adverse conditions of the
environment. However, it is still necessary to expand the studies to field conditions and
other tree species.

5. Conclusions

The inoculation of C. citriodora seeds with P. megaterium, E. sibiricum, P. vagans strain
45URP4-1, and Bacillus sp. does not interfere with the physiological quality of the seeds.
The seeds of C. citriodora inoculated with P. vagans strain 7URP1-6, P. megaterium, and E.
sibiricum present similar results in plant development. However, those inoculated with E.
sibiricum had taller averages for height, chlorophyll b content, and shoot and total dry mass
and greater ability to colonize the roots and rhizosphere of C. citriodora, resulting in the
production of better-quality seedlings. Given the benefits of inoculating C. citriodora seeds
with PGPB on plant development, future studies can evaluate the effect of PGPB on other
forest species that are also propagated via seed, as inoculation of seeds of C. citriodora with
endophytic bacteria proved to be a promising alternative in the plant development.
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Abstract: Soil microbes are the primary drivers of the material cycling of the forest ecosystem,
and understanding how microbial structure and composition change across succession assists in
clarifying the mechanisms behind succession dynamics. However, the response of soil microbial
communities and assembly processes to succession is poorly understood in subtropical forests. Thus,
through the “space instead of time” and high throughput sequencing method, the dynamics of the
soil bacterial and fungal communities and assembly process along the succession were studied,
where five succession stages, including Abandoned lands (AL), Deciduous broad-leaved forests (DB),
Coniferous forests (CF), Coniferous broad-leaved mixed forests (CB), and Evergreen broad-leaved
forests (EB), were selected in a subtropical forest on the western slope of Wuyi Mountain, southern
China. The results demonstrated that succession significantly decreased soil bacterial a-diversity
but had little effect on fungal a-diversity. The composition of soil bacterial and fungal communities
shifted along with the succession stages. LEfSe analysis showed the transition from initial succession
microbial communities dominated by Firmicutes, Bacteroidota, Ascomycota, and Chytridiomycota to
terminal succession communities dominated by Actinobacteriota and Basidiomycota. Distance-based
redundancy analysis (db-RDA) revealed that soil total organic carbon (TOC) was the main factor
explaining variability in the structure of soil bacterial communities, and multiple soil environmental
factors such as the TOC, soil total nitrogen (TN), C:N ratio, and pH co-regulated the structure of
fungi. The null models illustrated that deterministic processes were dominant in the soil bacterial
communities, while the stochastic processes contributed significantly to the soil fungal communities
during succession. Collectively, our results suggest that different patterns are displayed by the soil
bacterial and fungal communities during the succession. These findings enhance our comprehension
of the processes that drive the formation and maintenance of soil microbial diversity throughout
forest succession.

Keywords: soil microbes; microbial community; assembly process; high throughput sequencing;
vegetation succession

1. Introduction

Forest succession is a continuous change in the species composition, structure, and
function of a forest through time following disturbance. In general, vegetation succession
could alter the functioning of forest ecosystems, affecting both above-ground ecological
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functions and below-ground material cycling processes [1-4]. Soil microorganisms are
the main drivers of underground material cycling along the succession stages [5,6]. The
diversity of soil microorganisms is an important foundation for driving material cycling,
and it is mainly determined by multiple factors such as environmental factors, community
structure, and community assembly [7,8]. Investigating how soil microbial community
composition and assembly processes respond to forest succession helps to reveal the
mechanisms driving below-ground material cycling.

Forest succession can affect soil microorganisms by changing vegetation and altering
soil physicochemical properties [9,10]. In terms of soil physicochemical properties, sub-
strates may be the most important factor regulating soil microbial communities [11,12]. The
effects of substrates on soil microorganisms can change based on the species of trees present
in a given forest succession [13]. Previous research has shown that soil pH tends to be more
acidic with the progression of forest succession, and that soil pH also significantly affects
microbial communities [14,15]. In the meanwhile, there are variations in soil background
values in different regions, and whether succession series may cause soil acidity and alter
the soil microbial communities is still up for debate. As the main distribution area of
forests, the shift of soil microbial communities along with the forest succession through
the impact on the soil’s physical and chemical factors still needs further exploration in
subtropical forests.

The establishment and maintenance of soil microbial communities are the core issues
of microbial ecology [16]. Forest succession is typical environmental filtering, influencing
the soil microbial communities through altering soil properties and vegetation [17,18].
However, there are currently two mainstream theories to explain microbial community
structure, which are the niche theory and the neutral theory [19,20]. The niche theory
emphasizes deterministic processes and holds that the succession of microbial communities
is the consequence of selection and screening by biotic (e.g., competition, mutualism,
and commensalism) and abiotic factors (e.g., pH and substrate) [21,22]. In contrast to
the niche theory, the neutral theory emphasizes stochastic processes and asserts that
community assembly is determined by stochastic processes (e.g., dispersal and drift) [22,23].
After a long debate, it is more widely acknowledged that microbial community assembly
involves both stochastic and deterministic processes [23,24]. The majority of research on
the influence of forest succession on soil microorganisms primarily examines the diversity
and composition of the soil microbial communities [25,26]. Apart from the deterministic
influence of forest succession, the neutral theory is also crucial for maintaining soil microbial
diversity along the succession stages. However, the relative importance of the two processes
during forest succession needs to be further studied, especially in subtropical forests.

Wuyi Mountain is one of the main distribution areas for subtropical forests in southern
China [27]. It underwent deforestation during the early stages of its reform and opening
up, and is currently in a period of forest vegetation recovery [28,29]. Therefore, this
region will help us to understand microbial community succession patterns along forest
succession. Previous studies have shown the direction of succession from conifer forests
to evergreen broad-leaved forests in subtropical forests [30]. Evergreen broad-leaved
forests are the most structurally derived, occurring at various elevations in subtropical
forests [31]. According to the types of vegetation and leaves, we selected five succession
stages: Abandoned lands (AL), Deciduous broad-leaved forests (DB), Coniferous forests
(CF), Coniferous broad-leaved mixed forests (CB), and Evergreen broad-leaved forests
(EB), to evaluate the impact of forest succession on soil microorganisms. The soil microbial
communities can be impacted along forest succession by altering the input amount and
types of substrates [17,32]. Increasing substrate input may increase microbial competition
and select for specific microbial communities. Given this knowledge, we propose the
following hypothesis: (i) the soil bacterial and fungal diversity and composition decreased
along with the succession stages; (ii) the relative importance of deterministic and stochastic
processes in soil bacterial and fungal assembly processes varies during the succession; and
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(iii) the soil pH and total organic carbon (TOC) may be the key soil environmental factors
regulating the structure of the soil bacterial and fungal communities.

2. Materials and Methods
2.1. Study Area and Soil Sampling

This study was conducted in a subtropical forest in Jiangxi Province, southern China
(27°40'50"” N, 117°09’11" E), within the Matoushan National Nature Reserve on the west-
ern slope of the Wuyi Mountains. The climate in the study area is classified as a hu-
mid subtropical monsoon climate, and average annual temperature was ranging from
16 to 18 °C. The temperature may drop as low as —5 °C in January and reach as high as
27.2 °C in July. The average annual precipitation is 1930 mm, with around 47% of it falling
in the months of April and June. The main biome of this study site is primarily dominated
by Evergreen broad-leaved forests and Coniferous broad-leaved mixed forests. The soil
composition comprises mountain red, yellow-red, and yellow soil, which is a consequence
of the weathering of granite [27].

In October 2020, we selected each stage of forest succession in Matoushan National
Nature Reserve. The Abandoned lands (AL) are covered with herbaceous plants dominated
by species such as Euphorbia latiris, Echinochloa crus galli, Cyperus rotundis, and Equisetum
ramosissimum. Liquidambar formosana and Cunninghamia lanceolata are dominant tree species
in Deciduous broad-leaved forests (DB) and Coniferous forests (CF), respectively. The
Coniferous broad-leaved mixed forests (CB) are dominated by C. lanceolata, Alniphyllum
fortunei, Sassafras tzumu, Syzygium buxifolium., etc. The Evergreen broad-leaved forests (EB)
are dominated by that of evergreen and deciduous trees such as Castanopsis eyrei, Castanop-
sis nigrescens, Cyclobalanopsis glauca, Syzygium buxifolium., etc. [33]. Specific information
about the sampling sites can be found in Table 1. A total of 30 composite soil samples
were collected from five stages of succession, with three replicates and two depths (5
succession stages x 2 depths x 3 replicates). For each succession stage, three 40 m x 40 m
plots were established, from which five soil cores (5 cm in diameter) were collected from
each plot, encompassing the 0-10 cm and 10-30 cm layers. The soil samples, totaling 30,
were transported to the laboratory packed with dry ice, and were subsequently sieved
to eliminate rocks and visible roots. Soil samples were then stored at 4 °C for chemical
analysis, or at —80 °C for DNA extraction.

Table 1. Detailed successional information on dominant tree species, soil types, and altitude in the
subtropical forests on the western slope of the Wuyi Mountains. Abandoned lands (AL), Deciduous
broad-leaved forests (DB), Coniferous forests (CF), Coniferous broad-leaved mixed forests (CB), and
Evergreen broad-leaved forests (EB).

Successional Stages Dominant Tree Species Soil Types Altitude (m)
AL Euphorbia latiris and Echinochloa crus galli yellow-red soil 250-318
DB Liquidambar formosana yellow-red soil 273-488
CF Cunninghamia lanceolata and Pinus massoniana yellow-red soil 452-501
CB Cunninghamia lanceolata, A{nzphylltfm fortunez, yellow-red soil 297453
Sassafras tzumu, Syzygium buxifolium
EB Castanopsis eyrei, Castanopsis nigrescens, yellow-red soil 287454

Cyclobalanopsis glauca and Syzygium buxifolium

2.2. Determination of Soil Physicochemical Properties

Soil pH was analyzed in a 1:5 (soil/water, w/7v) ratio with a bench-top electrode pH

meter. The oven-drying method was used to measure soil water content. In order to
determine soil nutrient contents, air-dried soil samples were milled and passed through a
0.15 mm sieve. The concentrations of soil total organic C (TOC) and total N concentrations
(TN) were measured using an elemental analyzer (Flash 2000 HT, Thermo Fisher Scientific,
Bremen, Germany).
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2.3. DNA Extraction, Amplicon Library Preparation, and Sequencing

Total microbial genomic DNA was extracted from 0.5 g of soil samples using the
E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to manufac-
turer instructions. The hypervariable region V3-V4 region for the bacterial 165 rRNA
and the broad-spectrum primers for fungi were amplified with the primer pairs 338F
(5’-ACTCCTACGGGAGGCAGCA-3'), 806R (5'-GGACTACHVGGGTWTCTAAT-3') and
ITS1 (5'-CTTGGTCATTTAGAGGAAGTAA-3), ITS2 (5-GCTGCGTTCTTCATCGATGC-3'),
respectively [34]. All samples were amplified in triplicate. The amplified and purified am-
plicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq
PE300 platform (Illumina, San Diego, CA, USA) using the standard methods provided by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

2.4. Sequence Data Processing

Paired-end sequences were demultiplexed using QIIME 2 [35], followed by further
processing of the raw sequences with DADAZ2. The default settings were used, with the
exception of trimming the forward and reverse reads to 240 bases for the 165 rRNA gene.
No length filtering was carried out for the ITS region. Following the removal of low-quality
reads and the merging of paired reads, operational taxonomic units (OTUs) clustering was
conducted based on a 97% similarity threshold using non-redundant sequences (excluding
single sequences) based on the SILVA r138 database [36] and the UNITE v8.0 database [37]
for prokaryotes and fungi, respectively, through naive Bayes classifier [38]. Singletons and
16S rRNA sequences identified as belonging to the Eukaryota were discarded. In total,
1,831,407 high-quality sequences for prokaryotes and 2,569,298 high-quality sequences for
fungi were obtained.

2.5. Statistical Analysis

All statistical analyses were conducted using the vegan package in R (Version 4.0.2),
unless specifically mentioned. The Chaol and Shannon index for both bacterial and fungal
communities was computed to assess the changes in soil microbial species richness and
diversity. To evaluate the significance of differences along successional stages at the p < 0.05
level, such as soil properties and microbial diversity indices, one-way analysis of variance
(ANOVA) or the Kruskal-Wallis rank-sum test were performed employing the Pgirmess
packages. The linear discriminant analysis (LDA) effect size (LEfSe) was used to detect
significant variations in the phyla of bacteria and fungi (LDA score > 2.0, p < 0.05) [38]. The
principal coordinate analysis (PCoA) based on Bray—Curtis dissimilarity was applied to
examine the differences in community composition during the succession. The analysis
of similarity (ANOSIM) and (Adonis) was performed based on the Bray—Curtis distance.
Distance-based redundancy analysis (db-RDA) was performed to investigate the effect
of soil physicochemical properties on soil bacterial and fungal community structure. The
visualizations were finished using the ggplot2 package.

To understand the microbial community assembly, the Null model-based approach
was applied to calculate the weighted {3 nearest taxon index (3NTI) and Bray—Curtis-based
Raup-Crick (RCpyay) values [39,40]. Based on the BNTI and RC,,,y indices, the relative
importance of the deterministic and stochastic processes in soil microbial community
assembly was determined [40]. The “iCAMP” package in R was used to calculate the
BNTI by comparing the standard deviation of observed data with the null distribution of
phylogenetic 3-diversity metrics [20]. When the absolute value of BNTI is greater than
2, it means that the assembly of the community is dominated by deterministic processes.
In a more specific categorization, the heterogeneous selection is represented by pNTI > 2,
whereas the homogeneous selection is represented by BNTI < —2. In addition, the absolute
value of BNTI is less than 2, indicating the dominance of stochastic processes. RCp.,y was
calculated by estimating the standard deviation between the empirical data and the null
distribution of taxonomic 3-diversity metrics [20]. Three types of random processes may
be classified using BNTI and RC coupling. (1) IBNTII <2 and RCp sy > 0.95: dispersal
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limitation; (2) | BNTII <2 and RCpyay < —0.95: homogenizing dispersal; (3) | BNTII <2
and RCpyay < —0.95: drift [41].

3. Results
3.1. Soil Physicochemical Properties along the Succession Stages

Regarding soil characteristics, soil TOC ranged from 18.04 g kg~! in the Abandoned
lands (AL), 57.80 g kg ! in the Coniferous forests (CF), and 79.14 g kg~ ! in the Ever-
green broad-leaved forests (EB) at 0-10 cm soil depths (Table S1). Soil TOC ranged from
16.33 g kg~! in the Abandoned lands (AL) and 55.73 g kg ! in the Evergreen broad-leaved
forests (EB) at 10-30 cm soil depths (Table S1). Soil TOC showed a notable increasing trend
from the initial to the terminal phases of succession (p < 0.05). pH decreased significantly
from 5.33 in the AL to 4.96 in the EB at 10-30 cm soil depths (p < 0.05), and there were
no dramatic changes in pH at 0-10 cm soil depths among succession stages (Table S1).
However, there were no significant differences in TN, C:N ratio, and moisture among
succession stages (Table S1).

3.2. The Diversity and Composition of Soil Microbial Communities along the Succession Stages

During the succession stages, 1,402,689 and 2,001,323 high-quality effective sequences
of bacteria and fungi, respectively, were obtained. The sequences were resampled to 33,560
and 49,363 OTUs for bacteria and fungi, respectively. The six main phyla of bacteria along
the succession stages were Proteobacteria (10.41%~51.41%), Acidobacteria (7.18%~34.22%),
Actinobacteria (5.69%~28.71%), Chloroflexi (2.90%~20.85%), Planctomycetota (0.59%~9.88%),
and Firmicutes (0.92%~10.28%) (Figure 1A). For fungi, Ascomycota (22.74%~90.28%) and
Basidiomycota (2.99%~61.08%) were the dominant fungal phyla, whereas Mortierellomycota
(0.37%~44.72%) and Rozellomycota (0.07%~13.10%) were the main fungal phyla (Figure 1B).
There was similarity in the relative abundances of bacteria and fungi phyla at 0-10 cm and
10-30 c¢m soil depths.
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Figure 1. The relative abundances of the major soil bacterial (A) and fungal (B) phyla at different soil
depths along the succession. The relative abundance of phyla less than 1% are merged into “Others”.
Abandoned lands (AL), Deciduous broad-leaved forests (DB), Coniferous forests (CF), Coniferous
broad-leaved mixed forests (CB), and Evergreen broad-leaved forests (EB).

The diversity (Shannon index) and richness (Chaol index) of soil bacteria and fungi
changed inconsistently along the succession stages (Figure 2). The bacterial Chaol and
Shannon index showed a notable decreasing trend from Abandoned lands (AL) to Conifer-
ous forests (CF) to Evergreen broad-leaved forests (EB) at 0-10 cm and 10-30 cm soil depths
(p < 0.05) (Figure 2A,B). The change of fungal Chaol at 10-30 cm soil depth was opposite
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that of bacteria, and it reached the maximum value in the EB forest (Figure 2C). The Chaol
index of fungi at 0-10 cm soil depth did not show an increasing trend (Figure 2C). The
fungal Shannon indices showed no significant changes at 0-10 cm and 10-30 cm depths
along the succession stages (p > 0.05; Figure 2D).
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Figure 2. The changes in x-diversity index for both bacterial (A,B) and fungal communities (C,D)
at different soil depths across the succession stages in subtropical forests. Significant changes are
indicated by different letters (p < 0.05) among succession stages. Abandoned lands (AL), Deciduous
broad-leaved forests (DB), Coniferous forests (CF), Coniferous broad-leaved mixed forests (CB), and
Evergreen broad-leaved forests (EB).

3.3. The Beta Diversity of Soil Microbial Communities along the Succession Stages

The results of the principal coordinate analysis (PCoA) revealed that the structure of
the soil bacterial and fungal communities showed the same change along the succession
stages (Figure 3A,B). The results of Adonis tests (Bray—Curtis distance) showed no signifi-
cant disparity between CB and EB (p > 0.05; Table S2). However, a notable divergence was
observed in the bacterial and fungal community structure between AL and natural forests,
including DB, CF, CB, and EB (Adonis test, p < 0.01; Adonis test, p < 0.01; Figure 3A,B).

According to LEfSe analysis, the soil bacterial and fungal communities significantly
changed along the succession stages. Among them, 21 bacterial phyla were abundant
differently along the succession stages (Figure 4A). The most phyla (Chloroflexi, Firmicutes,
Nitrospirota, Methylomirabilota, and Bacteroidota) were mainly enriched in the Abandoned
lands (AL). Proteobacteria, Acidobacteriota, and Actinobacteriota were enriched in Coniferous
forests (CF) and Evergreen broad-leaved forests (EB), respectively. For fungi, seven fungal

145



Forests 2024, 15, 242

phyla were abundant differently along the succession stages (Figure 4B). Ascomycota and
Chytridiomycota were mainly enriched in the Abandoned lands (AL), and Basidiomycota was

enriched in the Evergreen broad-leaved forests (EB) (Figure 4B).
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Figure 3. Principal co-ordinates analysis (PCoA) of soil bacterial (A) and fungal (B) communities
at different depths along the succession stages. Abandoned lands (AL), Deciduous broad-leaved
forests (DB), Coniferous forests (CF), Coniferous broad-leaved mixed forests (CB), and Evergreen

broad-leaved forests (EB).
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3.4. The Changes in Microbial Assembly Processes along the Succession Stages

The 3-NTI values and RCbray values were used to assess the ecological processes of
soil microorganisms along the succession stages. The median NTI values for the AL, DB,
CB, and EB were greater than those of the CF (p < 0.05; Figure 5A). Meanwhile, the median
BNTI values for the AL, DB, CB, and EB were more than two, whereas the median NTI
value for the CL was less than two (Figure 5A). This indicated that bacterial community
assembly shifted from deterministic processes to stochastic processes to deterministic
processes during the whole succession stages. For fungi, the community assembly processes
were different from those of bacteria. The median BNTI values of the AL, DB, CB, and EB
were higher than those of the CF (p < 0.05; Figure 5B). However, all values of the median
BNTIs were less than two, indicating that stochastic processes mainly influenced fungal
community assembly. Furthermore, the fungal community assembly remained unchanged
across the whole succession stage (Figure 5B).
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Figure 5. The BNTI values for pairwise community comparisons throughout the succession are
distributed. Two dashed lines were added to distinguish between stochastic and deterministic
processes according to BNTI values. Solid lines within violins represent the upper quartiles, median,
and lower quartiles, respectively. The relative importance of assembly processes in bacterial (A) and
fungal (B) communities during the succession. Significant changes are indicated by different letters
(p < 0.05) among succession stages. Abandoned lands (AL), Deciduous broad-leaved forests (DB),
Coniferous forests (CF), Coniferous broad-leaved mixed forests (CB), and Evergreen broad-leaved
forests (EB).

3.5. The Correlations between Soil Microbial Communities and Soil Properties

Distance-based redundancy analysis (db-RDA) revealed the key soil environmen-
tal factors shaping the soil bacterial variation at the OTU level. (Figure 6A). The soil
environmental factors accounted for a total of 58.89% of the variance in bacterial com-
munities. Specifically, RDA1 and RDA2 explained 35.11% and 23.78% of the total vari-
ation, respectively (Figure 6A). The structure of the bacterial communities was mostly
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determined by TOC (p < 0.01; Figure 6A). The soil environmental factors accounted for
11.7% (CCA1 = 6.7%, CCA2 = 5.0%) of the variation in the fungal community structure
(Figure 6B). The TOC, pH, C:N ratio, and TN significantly influenced the variability in soil
fungal communities (p < 0.01; Figure 6B).

Figure 6. Distance-based redundancy analysis (db-RDA) of soil bacterial (A) and fungal (B) commu-
nities at different soil depths during the succession stages as related to soil environmental variables.
TOC: total organic carbon; TN: total nitrogen; C: N ratio: the ratio of TOC and TN; pH: pondus Hy-
drogenii; Moisture: soil water content. **: p < 0.01; ***: p < 0.001. Abandoned lands (AL), Deciduous
broad-leaved forests (DB), Coniferous forests (CF), Coniferous broad-leaved mixed forests (CB), and
Evergreen broad-leaved forests (EB).

4. Discussion
4.1. The Structure and Diversity of Soil Microbial Communities during the Succession Stages

Soil bacteria and fungi are the main drivers of material cycling and play important roles
along the forest succession [42]. The a-diversity of soil bacterial communities exhibited a
notable decline from the initial to the terminal phases of succession, aligning with findings
from previous research [15,26,43]. However, soil fungal x-diversity did not vary during
the succession stages, which was supported by the previous studies [15,32]. This does
not completely align with our first hypothesis. The reason for the different responses of
bacterial and fungal x-diversity to forest succession is that they have different survival
strategies. Compared with the EB, more weeds like Euphorbia latiris, Echinochloa crus galli,
and Cyperus rotundis were prevalent in the AL. Seasonal variation in the plant community
in the AL may create more dynamic and unpredictable conditions [44]. To adapt to
this relatively unfavorable environment, soil bacteria adopt an r-strategy survival mode,
resulting in higher diversity. Beginning in the succession stage of CF, the environment
becomes relatively stable, and bacteria are subject to selection pressure from soil organic
carbon [10]. As a result, the abundance of rare bacterial communities decreased, whereas
bacteria that can utilize the substrate were enriched [45]. As a K-strategy survival mode,
the diversity of fungi was less sensitive to the succession of forests [46], and the null models
also indicated that the response of fungi to succession is primarily driven by stochastic
processes.

The PCoA and Adonis analyses revealed significant changes in the bacterial and
fungal community structures at both depths throughout the succession. Many previous
studies have obtained similar results [18]. LEfSe analysis indicated that there was a general
shift from Chloroflexi, Firmicutes, Nitrospirota, and Bacteoidota in AL to Proteobacteria and
Acidobacteria in the CF to Actinobacteria in the EB. There were two possible reasons for our
results. Firstly, it is widely accepted that copiotrophic microorganisms are associated with
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the r-strategy, while oligotrophic microbes are regarded as being intimately linked to the
K-strategy [31,47]. The relative abundance of Actinobacteria and Acidobacteria, which are
indicative of k-strategy bacteria, has notably risen in comparison to the AL, whereas the
relative abundance of Bacteroides belonging to the r-strategy bacteria showed an opposite
trend. This suggests that the bacterial communities shifted from an r-strategy to a k-strategy
in conjunction with the different phases of vegetal succession. Secondly, soil bacterial
communities that were capable of sporulation and strong stress resistance were enriched in
the AL. In hostile conditions, Firmicutes were able to produce resistant endospores [48]. For
fungi, there was a general shift from Ascomycota enriched in the AL to Basidiomycota in the EB
along the succession. This aligns with the findings of fungal community succession in the
middle- and high-latitude regions [49,50]. Generally, members of the Ascomycota phylum
demonstrate high resistance to disturbed environments. Meanwhile, Basidiomycota is crucial
in breaking down stubborn organic matter because it contains several ectormycorrhizal and
saprophytic fungi, which are vital for decomposing complex chemicals [51,52].

4.2. The Changes in Soil Microbial Community Assembly Processes during the Succession Stages

The establishment and maintenance of a vast variety of soil microorganisms has
been a central issue in microbial ecology [16]. Our findings indicate that the median
BNTI values decreased first and then increased along with the succession stages. The
deterministic process was dominant in the four succession stages except for that in the
CFE. Although deterministic processes dominated both the initial and terminal succession
stages, the factors of selection differed. At the initial stage of succession, soil bacteria are
under multiple selective pressures due to the combination of harsh environments and
substrates, whereas soil substrate was the main factor in selection at the terminal stage of
succession [17]. The db-RDA findings indicated that TOC had a pivotal role in altering the
bacterial community structures. Compared with the DB and EB, Cunninghamia lanceolata
in the CF has lower nutrient content, higher lignin, and secondary metabolites, making it
less susceptible to microbial utilization. Li et al. (2023) found that the decomposition rate
of conifer litter was lower compared to that of broad-leaved species. Increased nutrient
inputs may amplify the significance of stochastic processes in the relative abundance of
taxonomic units [53].

For fungi, the median BNTI values significantly changed along with the succession
stages. This is consistent with our second hypothesis. However, all of the median BNTI
values were between 2 and -2, indicating that the stochastic process was dominant in
the soil fungal community. These findings were consistent with the results of previous
research [54,55]. This result was the consequence of multiple factors. As mentioned
earlier, fungi are considered K-selected species and exhibit relatively low sensitivity to
environmental changes [46]. The CCA findings revealed that soil fungal community
structure was impacted by soil physicochemical properties beyond only TOC, suggesting
that other soil environmental factors (pH and C:N ratio) play a role in regulating fungal
community composition. Almost all tree species are ectomycorrhizal (ECM) tree species
throughout the complete succession stage. Free-living soil fungi, especially saprotrophic
fungi, compete with ECM fungi for resources [56].

4.3. Soil Physicochemical Properties Drive Soil Microbial Community Changes

Many studies have demonstrated that forest succession modifies soil characteris-
tics, which in turn impacts the composition and diversity of the soil microbial communi-
ties [31,32,57]. According to our findings, TOC showed an increasing trend along with the
succession stages (Table S1). It is worth pointing out that only TOC was the main factor
in the shift of the soil bacterial communities. This partly supports our third hypothesis.
Numerous earlier investigations revealed strong positive relationships between TOC and
the soil microbial communities [10,58]. Elevated TOC along with the succession indicated
that more substrate and nutrients became available for soil microbes. Furthermore, ex-
tensive research has unequivocally shown that the alterations in tree species resulting
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from secondary succession induce forest soil acidification. [15,59]. The soil pH exhibited a
declining pattern in our investigation, while no notable disparity was observed (Table S1).

Unlike the findings for bacteria, the results of CCA analysis illustrated that soil pH,
TN, and C:N ratio had an impact on the structure of the soil fungal community, in addition
to TOC. The other related studies have also found that multiple environmental factors
regulate the community structure of soil fungi [60,61]. Our research demonstrates that soil
pH exerts a more significant influence on fungal communities in comparison to bacterial
communities. Since fungi often have a greater pH tolerance range than bacteria, this is
likely due to the intense interplay between pH and other variables [62]. Although multiple
soil factors can affect the structure of fungal communities, the explanatory power of soil
factors on fungi is lower than that of bacteria, which may be due to differences in the
responses of bacterial and fungal community succession to forest succession.

5. Conclusions

From the Abandoned lands to the Evergreen broad-leaved forests, the diversity of
soil bacteria decreased, while fungal diversity did not vary along with the succession
stage, indicating that bacteria and fungi had distinct patterns along the forest succession.
Moreover, soil bacterial and fungal communities shifted with the succession. More im-
portantly, from Abandoned fields to Coniferous forests to Evergreen broad-leaved forests,
the community assembly of soil bacteria shifts from a deterministic process to a stochastic
process to a deterministic process. Throughout the whole succession, stochastic processes
predominantly governed the community assembly of soil fungal communities. TOC was
the influential soil environmental factor responsible for the change in the structure of the
bacterial communities. More soil environmental factors such as, TOC, TN, C:N ratio, and
pH co-regulate the changes in fungal community structure. Compared with soil fungi, the
structure and composition of soil bacterial communities are more sensitive to substrates.
In conclusion, our findings contribute to a better understanding of how the composition
and assembly processes of the soil microbial community respond to plant succession in
subtropical forests. For future work, co-occurrence networks, as well as abundant and rare
taxa of soil microbial communities, will be further explored in subtropical forests.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/£15020242 /51, Table S1: Soil physical and chemical characteristics along
the succession; Table S2: Effects of forest succession on the composition of fungal and bacterial com-
munities.
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Abstract: Rocky desertification (RD), a natural and human-induced process of land degradation
in karst areas, has become the primary ecological disaster and one of the obstacles to sustainable
ecological development in southwest China. Nevertheless, the variation of soil physical and chemical
properties, bacterial and fungal communities, and their relationships in RD forests remains limited.
Therefore, soil samples were collected from forests under four degrees of RD (NRD, non-RD; LRD,
light RD; MRD, moderate RD; and SRD, severe RD) and subjected to high-throughput sequencing
of 16S rRNA and ITS1 genes. The results showed a significant reduction in bacterial richness and
diversity, while fungal richness and diversity decreased markedly and then showed a balanced trend
with the increase in RD degree, indicating that bacteria and fungi did not present the same dynamics
in response to the process of RD. The bacterial communities were dominated by Proteobacteria,
Actinobacteria, Acidobacteria, and Chloroflexi, while the fungal communities were dominated by
Basidiomycota, Ascomycota, and Mortierellomycota. The PCoA and NMDS demonstrated significant
differences in microbial communities in study sites, among which the fungal communities in non-RD
forest and LRD forest clustered together, suggesting that fungal communities were more stable than
bacteria in RD forest. The db-RDA, Mantel test, and random forest model confirmed the important
role of soil BD, pH, SOC, AN, and AP in driving microbial diversity and communities. The IndVal
analysis suggested that Chloroflexi, Patescibacteria, Atheliales, and Cantharellales with high indicator
values were identified as potential bio-indicators for RD forests. This study could not only improve
our understanding of bacterial and fungal community dynamics across RD gradients, but also
could provide useful information for the further use of microorganisms as indicators to reflect the
environmental changes and ecosystem status during forest RD.

Keywords: karst area; rocky desertification; soil properties; microbial community; bio-indicators

1. Introduction

Karst refers to a special landform formed by the dissolution and transformation of
carbonate rocks by groundwater and surface water under special geological conditions,
and is widely distributed globally [1]. Karst covers an area of approximately 5.1 x 107 km?
globally, accounting for about 12% of the world’s land area, mainly distributed in regions
such as the Mediterranean, Eastern Europe, the Middle East, Southeast Asia, and the
Caribbean [1]. China is one of the world’s three major concentrated karst distribution areas,
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with a karst area of over 1.3 million km?, accounting for 13.54% of the total land area [2].
Within this area, the southwestern region of China, mainly in Guizhou, has the largest
and most concentrated contiguous karst ecological fragile area in Asia, with a karst area
of 550,000 km?, accounting for over 70% of the total land area of the province [3]. This
region is not only the area with the widest and most developed distribution of tropical
and subtropical karst in the world, but also the most typical and representative region for
karst environmental and ecological issues. Due to the unique geological structure of karst
and the long-term shaping by climatic and hydrological factors, the spatial distribution
of water and soil resources is uneven, and the hydrothermal conditions exhibit high
spatiotemporal heterogeneity. Moreover, population explosion, severe soil erosion, frequent
natural disasters, and ecosystem vulnerability exacerbate the deterioration of the ecological
environment, severely affecting the local people’s living standards and hindering the social
and economic development in the area [4].

Rocky desertification (RD) refers to a land degradation process occurring in the
vulnerable karst environment of the subtropical regions, resulting from human-induced
disturbances [5]. It leads to severe soil erosion, extensive exposure of bedrock, a significant
decline in land productivity, and the appearance of desert-like landscapes on the surface. In
recent years, with the rapid increase in population, the issue of RD has become increasingly
severe and has emerged as a global environmental problem [6]. As one of the largest and
most typical continuous karst distribution belts in the world, southwest China has the
largest and most typical distribution of RD, with an annual growth rate of 0.91% [7]. The
southwestern karst region, represented by Guizhou, is the central area of karst development
in East Asia. Due to its lower environmental carrying capacity and significant human-land
conflicts, a series of ecological degradation phenomena, such as soil erosion, vegetation
destruction, and exposure of bedrock, are particularly common in this region, leading to
the formation of RD landscapes. As the intensity of RD intensifies, soil erosion worsens,
and the soil’s capacity for nutrient retention, supply, and fertility rapidly diminishes, even
leading to the loss of land productivity. RD has become one of the environmental challenges
that restrict large-scale development and a significant ecological problem for agricultural
production and economic development in China. Previous studies indicated that RD leads
to changes in soil properties, a decline in plant diversity, and reductions in both above-
and below-ground biomass [4]. Despite these findings, there is a significant gap in our
understanding of how soil microbial composition and diversity are affected by RD in
karst areas.

Soil microorganisms play a crucial role in the functioning and services of soil ecosys-
tems, such as plant productivity, nutrient cycling, and organic matter decomposition [8].
They are essential components of the soil environment and regulate ecosystem nutrient
cycling through their metabolic activities and interactions with other biotic and abiotic
factors. Due to their short life cycles and sensitivity to environmental changes, soil microor-
ganisms can respond rapidly to ecological and environmental perturbations, making them
sensitive indicators of the soil environment [9]. The diversity of soil microorganisms is
regulated by various factors, including both natural and anthropogenic influences. The
importance of different factors in controlling soil microbial communities depends on the
spatial scale. At the global and regional scales, microbial communities are more influenced
by climatic factors, soil environment, and nutrients, such as soil pH and organic carbon
content [10,11]. On the other hand, at local or smaller micro-scales, factors such as plant
characteristics, soil microenvironment, interactions between trophic levels in the soil food
web, and inter-species interactions among microorganisms might become more important
in controlling microbial communities [12].

In the karst region, the ecological structure is fragile, and microorganisms actively
participate in the weathering of karst rocks (limestone). They actively accelerate the
dissolution of carbonate rocks. Studies have found the presence of autotrophic nitrogen-
fixing microorganisms and autotrophic photosynthetic microorganisms on karst rocks
undergoing autotrophic weathering [13]. Moreover, heterotrophic microorganisms are
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also found on autotrophically weathered rocks, and under favorable conditions, they can
proliferate and spread rapidly, thereby accelerating the weathering of carbonate rocks to
some extent [14]. The process of RD affects soil properties and vegetation community
characteristics. As the degree of RD increases, the content of soil organic matter and plant
biomass declines. RD has different influences on soil bacterial community composition,
while the richness and diversity of bacterial communities do not show significant changes
with the increase in RD [15]. In fact, the bacterial diversity slightly increases and the
richness slightly decreases in severe RD areas. Moreover, in heavy RD areas, the soil
fungal community differs significantly from other degrees of RD, with soil total nitrogen
being the main factor correlated with fungal communities, followed by pH [16]. The
phylum Ascomycota is the most abundant in non-degraded soils, while Basidiomycota
dominates in severe RD soils, and the ratio of Ascomycota to Basidiomycota decreases
significantly with the deepening of RD, which can serve as an indicator of the degree of
RD [16]. In the degraded karst ecosystems, a study has shown that soil degradation in the
karst region reduced soil bacterial genetic diversity and significantly changed community
structure [17]. However, the dynamics of diversity and compositions of soil bacterial and
fungal communities in response to RD, and their driving factors, are still unclear.

Furthermore, effective ecosystem management and restoration strategies require sen-
sitive indicators to assess the state of the ecosystem. Soil microbes play a critical role in
community reconstruction, serving as valuable indicators of ecosystem conditions [18].
Firstly, microorganisms represent the largest component of total soil biomass and are vital
drivers of processes essential for ecosystem services, such as organic matter decomposition,
biodiversity, and plant productivity [19]. Secondly, microorganisms respond rapidly to en-
vironmental conditions due to their high surface-to-volume ratio and intimate relationship
with their surroundings. This rapid responsiveness makes them valuable indicators of envi-
ronmental change. Thirdly, molecular methods offer a convenient way to track changes in
microbial diversity and community composition, translating them into tangible parameters.
Therefore, deriving parameters from microbial diversity, community composition, and
sensitive taxa to degraded ecosystem offers a promising approach to evaluate ecosystem
conditions. Thus, recognizing the importance of microbial indicators in evaluating habitat
status, further exploration of microbial evaluation strategies utilizing high-throughput
sequencing technologies is crucial.

In this study, soil physicochemical properties were determined and high-throughput
sequencing technology was used to sequence the soil bacteria (165 rRNA) and fungi
(ITS1) to assess the relationships between soil properties and microbial communities in
forests under different degrees of RD in the karst region. The main purposes of this study
are (i) to determine the diversity and taxonomic compositions of bacterial and fungal
communities across the RD gradient, (ii) to uncover the key factors driving bacterial and
fungal communities in karst area, and (iii) to identify the potential microbial taxa as bio-
indicators of the degrees of RD.

2. Materials and Methods
2.1. Study Site and Sampling

The study area is in Weining Pseudotsuga sinensis Nature Reserve of Bijie City, Guizhou
province, southwest China (103.93-104.26° E, 26.54-26.76° N), with elevations ranging
from 1800 to 2450 m, covering a total area of 951.86 hectares (Figure 1). Before the nature
reserve was established, the study region faced intensifying anthropogenic disturbances,
such as agricultural cultivation and logging, which inflicted destructive impacts on the
already fragile forest, compromising its regenerative capacity and competitive survival.
This led to severe soil erosion, exacerbating the process of rocky desertification. To sensibly
protect biological resources and restore degraded karst habitats, the People’s Government
of Weining County officially approved the establishment of a county-level nature reserve
in August 2000, aiming to prevent further degradation of the karst habitat. In order to
further enhance the efforts in ecosystem conservation, the government undertook further
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optimization of the nature reserve in March 2022. The reserve experiences a warm and
humid subtropical monsoon climate, with an average annual temperature of 10.5 °C and
an annual average rainfall of 1000 mm, of which more than 70% occurs during the time
from June to September. The predominant soil type in this area is Leptosols, which are
soils limited by hard rock or have a low percentage of fine earth material according to
World Reference Base for Soil Resources (WRB). The region boasts rich and well-preserved
vegetation resources, primarily consisting of warm-temperate coniferous forests dominated
by P. sinensis and Pinus yunnanensis Franch. The shrublands are mainly composed of
Cotoneaster franchetii Bois., Corylus yunnanensis, Viburnum dilatatum Thunb., Hypericum
monogynum L., and Coriaria napalensis Wall.

26°NA

35

80°F 90°E 100°E 10°E 120°8 130°E 104°E 105°E 106°E 107°E 108°E 109°E

Figure 1. Location of the study area and the pictures of four degrees of rocky desertification in

Guizhou Province. NRD, non-rocky desertification; LRD, light rocky desertification; MRD, moderate
rocky desertification; and SRD, severe rocky desertification.

In June 2022, four regions with different degrees of rocky desertification (NRD: non-
rocky desertification, LRD: light rocky desertification, MRD: moderate rocky desertification
and SRD: severe rocky desertification) were selected according to the industry standard
of the State Forestry Administration (LY /T 1840-2009) [20] and the classification standard
of rocky desertification [21]. The soil depth in NRD, LRD, MRD, and SRD forests were
approximately 50-60 cm, 3040 cm, 20 cm, and 10 cm, respectively. Moreover, the bare rock
rate in NRD, LRD, MRD, and SRD forests were approximately 20%-30%, 40%-50%, 70%,
and 80%, respectively, based on visual assessment. Then, six plots of 50 x 50 m were set up
within each region with different degrees of rocky desertification. The distance between
each plot was at least 50 m. After removing surface litter, soil samples were collected from
the 0-10 cm soil layer using a shovel and every sample was a mixture of three subsamples
collected in an “S” shape. These soil samples were then passed through a 2 mm sieve to
remove impurities such as stones and plant residues. The ring knife was inserted into
the ground to obtain a soil core. The sieved soil samples were divided into two portions.
The first potion (~5 g of soil) was preserved in a cooler and transported to the laboratory
within 24 h. These samples were stored at —80 °C and used for the extraction of total
soil DNA. The second potion (~200 g of soil) was stored in self-sealing bags, transported
to the laboratory, and air dried naturally. After drying, the soil was ground and passed
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through a 100-mesh sieve. These samples were used for the determination of soil properties,
including soil pH, soil organic carbon (SOC), total nitrogen (TN), available nitrogen (AN),
total phosphorus (TP), available phosphorus (AP), total potassium (TK), and available
potassium (AK). The third potion (soil core) was then placed in a sterile plastic bag for the
measurement of soil bulk density (BD).

2.2. Soil Properties

Soil BD was measured via the ring knife method. Specifically, the metal ring was
pressed into the soil (intact core), and then the soil samples were placed into a sterile
plastic box to preserve for lab drying. The soil inside the metal ring was dried to constant
weight at a high temperature of 105 °C (for at least 24 h) and weighed to calculate soil
BD [22]. Weighed soil samples (20 g fresh weight) were made into a soil suspension via
the addition of deionized water in a soil:water ratio of 1:5. Soil pH was measured using
a FE28-Standard pH meter (Mettler-Toledo, CA, USA) [23]. SOC was determined via
potassium dichromate oxidation with external heating [23]. Specifically, 0.5 g of the dry
soil samples was weighed in a 250 mL Erlenmeyer flask containing 10 mL of K,Cr,O7
(0.8 M) and 10 mL of H,SOy, and then boiled at 170-180 °C for 5 min. TP was determined
using the molybdate colorimetric method after perchloric acid digestion and ascorbic acid
reduction [24]. AP was measured via extraction with 0.5 M NaHCOs (pH = 8.5) for 30 min
and then assessed colorimetrically via the molybdate-ascorbic acid method using a UV
spectrophotometer [25]. TN was determined via Kjeldahl digestion [26]. Specifically, 0.5 g
soil was digested with 5 mL of concentrated H,SO4. The digestion was initially started at
50 °C and then raised gradually to 350 °C. The samples were analyzed using 40%NaOH
solution, and 4% boric acid, 0.1 N standard HCl solutions. AN were qualified according to
the dichromate oxidation [26]. TK in soil was determined via NaOH alkali fusion-flame
photometry, while AK was extracted with 1 M ammonium acetate (CH3CO,NH,) at pH
7.0 and subsequently measured using flame photometry [27].

2.3. DNA Extraction, lllumina Sequencing, and Sequencing Data Processing

The total microbial genomic DNA in the soil samples was extracted from 0.5 g of frozen
soil using a PowerSoil DNA extraction kit (MoBio, Carlsbad, CA, USA) according to the
manufacturer’s recommendations. Detailed information on primer sets, PCR conditions,
and reaction systems for bacterial 16S rRNA and fungal ITS1 genes are shown in Table S1.
The high-throughput sequencing was performed by Shanghai Personal Biotechnology
Co., Ltd. (Shanghai, China) based on an Illumina MiSeq platform (San Diego, CA, USA).
Bioinformatic processing of sequencing data was conducted with QIIME 2 2019.4 with
modifications according to the official tutorials (https:/ /docs.qiime2.org/2019.4/tutorials/,
accessed on 10 October 2022) (Supporting Information, Method 1). The Illumina sequencing
raw read data deposited in the Sequence Read Archive (SRA) are available in the NCBI
SRA portal with PRINA797899, BioProject ID.

2.4. Statistical Analysis

After confirmation of the homogeneity of variances and normality of the data using
the Levene and Shapiro-Wilk tests, respectively, one-way analysis of variance (ANOVA)
was used to determine the differences in soil physicochemical properties, Bray—Curtis
dissimilarities, richness (Sobs index and Chaol index) and a-diversity (Shannon index) of
microbial communities in different forests under different degrees of RD via SPSS (version
21.0, Chicago, IL, USA). The richness (Sobs index, and Chaol index) and o-diversity
(Shannon index) of bacterial and fungal communities were performed by the QIIME2
software (version 2019.4). Sobs was the number of species observed in the sample. The
formulas used for the calculation of Chaol and Shannon indices were as follows:

ni(n; — 1)

Chaol = Sobs + 20 + 1)

M
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Shannon = —Z?Zl pi(Inp;) ()

where Sobs is the number of ASVs observed, n; is the number of OTUs with only one
sequence, and ny is the number of ASVs with only two sequences. p; is the proportion of
individuals belonging to i-species in the sample.

The Venn and upset Venn diagrams were performed using the “VennDiagram” and
“UpSetR” packages, respectively, to show the unique and shared amplicon sequencing
variants (ASVs) in each study site. Principal coordinate analysis (PCoA) and non-metric
multidimensional scaling (NMDS) were used to explore the structural variation of bacterial
and fungal communities in forests under different degrees of RD based on Bray—Curtis
distance using the “Vegan” package. Similarly, the 3-diversity of bacterial and fungal
communities in each study site was calculated based on the Bray—Curtis dissimilarity
index using the “Vegan” package. The indicator value (IV) index was derived based on
the relative abundance and relative frequency of occurrence to identify bio-indicators
associated with each degree of RD using the “IndVal” package. Distance-based redundancy
analysis (db-RDA) and Mantel tests were used to explore the correlations within the
microbial communities in the context of soil properties based on relative abundances of
ASVs using “vegan” and “LinKET” packages, respectively. Pearson’s correlation coefficient
was used to measure the relationships between the diversity of microbial communities
and soil properties. Subsequently, random forest analysis was performed to determine
the importance of each soil parameter for the x-diversity and 3-diversity of bacterial and
fungal communities based on MSE using the “randomforest” package (version 4.7-1.1) [28].

3. Results
3.1. Soil Properties in Different Study Sites

During the process of rocky desertification (RD), the soil’s physical and chemical
properties changed dramatically among different study sites (Figure 2). Compared with
the control, i.e., NRD forest (1.01 + 0.10 g cm~3), soil bulk density (BD) significantly
decreased in the MRD (1.14 4 0.09 g cm—3) and SRD forests (1.35 + 0.06 g cm~2), but did
not change in the LRD forest (1.10 & 0.12 g cm~3). NRD and LRD forests had lower soil pH
than MRD and SRD, but had no difference between them. The soil organic carbon (SOC)
decreased significantly, from 53.19 & 3.57 g kg~! (NRD) to 49.79 + 2.11 g kg~ (MRD)
and 40.39 & 4.13 g kg ! (SRD), but did not change in the LRD forest (55.65 + 4.07 g kg~ 1).
Soil total nitrogen (TN) and total phosphorus (TP) did not change significantly among
different study sites. Compared with NRD and MRD forests, soil total potassium (TK)
content in LRD and SRD forests was significantly increased, and the change between
LRD and SRD forests was not significant. The soil available nitrogen (AN) and available
phosphorus (AP) showed significant variations among different study sites, with the AN
content ranking, from high to low, as LRD > NRD > MRD > SRD, while the AP content
ranking was LRD > NRD > SRD > MRD. Compared with the MRD forest, NRD, LRD,
and SRD forests had significantly higher available nitrogen potassium content, while no
difference in available potassium (AK) was found among the three study sites.

3.2. Sequencing Information and a-Diversity of Microbial Communities

A total of 1,960,415 and 2,114,212 reads were obtained for 16S V3-V4 and ITS1 datasets,
respectively. The DADA2 pipeline allowed identification of 110,692 and 10,728 bacterial and
fungal ASVs, respectively after removing singletons. Bacterial ASVs represented 36 phyla,
118 classes, 311 orders, 525 families, 1105 genera, and 1643 species, while fungal ASVs
represented 16 phyla, 51 classes, 127 orders, 278 families, 601 genera, and 959 species. All
rarefaction curves were saturated with increased sequencing amounts (Figure 3a,b) and the
coverage exceeded 99%, which indicated that most soil bacteria and fungi were sequenced
in all samples.
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Figure 2. Variations in soil properties in study sites with different degrees of rocky desertification.
Different letters indicate a significant difference at p < 0.05 according to Duncan’s multiple range test.
NRD, non-rocky desertification; LRD, light rocky desertification; MRD, moderate rocky desertifica-
tion; and SRD, severe rocky desertification. BD, bulk density; SOC, soil organic carbon; TN, total
nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus;
and AK, available potassium.

In the current study, observed species (Sobs), Chaol, and Shannon indices were
used to evaluate the alpha-diversity of soil microbial communities (Figure 3c-h). The
results showed that RD had a strongly negative impact on the o-diversity of soil bacterial
communities. NRD forest had the highest level of bacterial community richness. The
Sobs, Chaol, and Shannon indices of bacterial communities in the SRD forest decreased
significantly when compared with those in the NRD forest (p < 0.05). However, no difference
was found in bacterial a-diversity between MRD and SRD forests. In terms of fungal «-
diversity, the NRD forest showed the highest values of Sobs and Chaol indices, while
there was no difference among LRD, MRD, and SRD forests. The Shannon index of fungal
communities in the NRD forest was higher compared with that in the MRD forest. Bacterial
a-diversity was considerably higher than fungal diversity, e.g., there were approximately
ten times as many bacterial ASVs as there were fungal ASVs.

3.3. Composition of Microbial Communities

As shown in Figure 4, the bacterial phyla Proteobacteria, Actinobacteria, Acidobacteria,
and Chloroflexi accounted for the largest proportion in all soil samples, with percentages
of 30.16%, 17.87%, and 16.58%, respectively (Figure 3a). By contrast, fungal phylum
Basidiomycota, Ascomycota, and Mortierellomycota accounted for the largest proportion
in all soil samples, with percentages of 64.33%, 27.84%, and 1.44%, respectively. Moreover,
there were considerable differences in microbial community composition along the forests
with different degrees of rocky desertification. For instance, Actinobacteria accounted
for 34.23% of bacterial community composition in NRD forests but only 15.5% and 15.8%
in MRD and SRD forests, respectively; moreover, Proteobacteria and Chloroflexi only
accounted for 27.71% and 10.55%, respectively, of bacterial community composition in
NRD forest but 34.15% and 23.72% in SRD forest. Soil bacterial and fungal phyla had
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different sensitivity and adaptability to RD. In this study, varying kinds of changes were
found in the insensitive and sensitive phyla with the increase in RD gradient. For instance,
Gemmatimonadetes, Verrucomicrobia, Rokubacteria, and Planctomycetes showed “arch”
changes, whereas Ascomycota, Mortierellomycota, Rozellomycota, Zoopagomycota, and
Glomeromycota showed “inverted arch” changes.
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Figure 3. Rarefaction curves and alpha-diversity plots of soil microbial communities along four
degrees of rocky desertification. Rarefaction curve constructed based on observed ASVs and species
of bacterial (a) and fungal (b) communities. Alpha-diversity is assessed by richness (Sobs and Chaol
indices) and diversity (Shannon index) of bacterial (c—e) and fungal (f-h) communities. Different
letters indicate a significant difference at p < 0.05 according to Duncan’s multiple range test. NRD,
non-rocky desertification; LRD, light rocky desertification; MRD, moderate rocky desertification; and
SRD, severe rocky desertification.

The Venn diagrams showed the ASV level for the microbial community of soil samples
(Figure 4c,d). The number of unique fungal ASVs decreased with increasing degrees of
rocky desertification: the highest number was found in the NRD forest (1990), followed by
the LRD forest (1148) and MRD forest (931), while the SRD forest had the lowest number
(868). However, the distribution of unique bacterial ASVs was different compared with that
of unique fungal ASVs. The number of unique bacterial ASVs increased firstly and then
decreased: the highest number was found in the LRD forest (19,376), followed by the NRD
forest (13,372) and MRD forest (8849), while the SRD forest had the lowest number (7158).
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Figure 4. Percentage stacking diagrams show the community composition of bacteria (a) and fungi
(b) at the phylum level. The top 10 phyla were selected for abundance analysis. Venn diagrams
show the number of ASVs shared and unique in bacterial (c) and fungal (d) communities among
study sites with four degrees of rocky desertification as shown in a Venn diagram. NRD, non-rocky
desertification; LRD, light rocky desertification; MRD, moderate rocky desertification; and SRD,
severe rocky desertification.

3.4. Composition and B-Diversity of Microbial Communities

To further compare the variations in the structure of bacterial and fungal communities
in study sites with different degrees of rocky desertification, based on the Bray—Curtis
algorithm, principal coordinate analysis (PCoA) and non-metric multidimensional scaling
(NMDS) were employed (Figure 5). Study sites were separated from each other, indicating
large differences in the structure of microbial communities at different degrees of rocky
desertification. In addition, the degree of dispersion of fungal communities between NRD
and LRD forests was smaller, suggesting smaller differences in the structure of fungal
communities compared with bacterial communities between NRD and LRD forests. Fur-
thermore, microbial 3-diversity was calculated using Bray—Curtis dissimilarity based on the
ASV table, and the results showed that the (3-diversity of bacterial communities decreased
with increasing rocky desertification (Figure 5e). The 3-diversity of fungal communities
in NRD forest was higher than that in SRD forest, while there was no difference between
either NRD and LRD forests or MRD and SRD forests (Figure 5f).
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Figure 5. Principal coordinate analysis (PCoA), non-metric multidimensional scaling (NMDS) anal-
ysis, and Bray-Curtis dissimilarity of bacterial (a,c,e) and fungal (b,d,f) communities among study
sites with four degrees of rocky desertification. Different letters indicate a significant difference at
p < 0.05 according to Duncan’s multiple range test. NRD, non-rocky desertification; LRD, light rocky

desertification; MRD, moderate rocky desertification; and SRD, severe rocky desertification.

3.5. Indicator Taxa for Different Degrees of RD

Indicator taxa analysis was performed to explore whether bacterial or fungal taxa
could be detected as being representative of specific degree of RD based on IndVal analysis
(IndVal.g > 0.6, IndVal.p < 0.05), as shown in Figure 6. Six bacterial phyla were identified to
be indicator taxa for different degrees of RD: Actinobacteria for NRD forest, Planctomycetes
for LRD forest, Dependentiae for MRD forest, and Chloroflexi and Proteobacteria for SRD
forest. However, there is no fungal phylum that could be considered as an indicator after
calculation. For this reason, we computed the indicator analysis on the fungal order dataset.
Finally, twelve fungal orders were selected and could be regarded as indicator taxa for
different degrees of RD: Chaetosphaeriales, Diaporthales, Hysteriales, Pleosporales, Trechis-
porales, and Trichosphaeriales for NRD; Geminibasidiales, G525, and Umbelopsidales for

LRD; Leucosporidiales for MRD; and Atheliales and Cantharellales for SRD.
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Figure 6. Indicator taxa identified for study sites with different degrees of RD. Values were obtained
from the IndVal function, including IndVal.g (>0.6) and IndVal.p (<0.05). NRD, non-rocky deser-
tification; LRD, light rocky desertification; MRD, moderate rocky desertification; and SRD, severe

rocky desertification.

3.6. Main Factors Driving Soil Microbial Communities

As shown in Figure 7, the first and second ordination axes of distance-based redun-
dancy analysis (db-RDA) totally explained 15.07 and 17.84% of the soil bacterial and fungal
community changes, respectively. Soil microbes in NRD and LRD forests gathered in the
second and third quadrants, which were obviously positively correlated with TP, and also
have a certain correlation with SOC, AP, pH, and BD. The microbial communities in MRD
forests were mainly distributed in the fourth quadrant, and were mainly restricted by the
SOC and AN. The distribution of fungal communities in SRD was relatively scattered, and
was mainly affected by pH, TP, and AP.

To explore the correlation between soil microbial community structures and environ-
mental variables, Mantel test analysis was performed with community matrices at OTU
level and environmental factors on four gradients of RD (Figure 7c). The results revealed
that elevation, BD, pH, SOC, AP, and AN were the determinants of both soil bacterial and
fungal community structures among study sites.

Based on the multiple regression model and random forest analysis, the interdepen-
dence between the soil microbial community and environmental factors was studied, and
the influence of environmental factors on the soil microbial community in different RD
forests was further elaborated (Figure 7d). We confirmed that BD, pH, SOC, and AN were
the most important environmental factors, showing a strong correlation with microbial
community richness, x-diversities, and 3-diversities.
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Figure 7. Relationship between soil physical/chemical properties and the diversity and compositions
of soil bacterial and fungal communities in forests with different degrees of RD. Distance-based
redundancy analysis (db-RDA) ordination plots of bacterial (a) and fungal communities (b) and
soil properties. The environmental variables that significantly explained variability in microbial
communities are shown in red color. (c¢) Mantel tests between the microbial communities and soil
physical/chemical properties. The upper right corner presents the correlations (Pearson) among
the nine soil properties. The lower light corner presents the correlations (Mantel test) between
microbial communities (bacterial community and fungal community) and soil properties. Line width
represents the significant correlation coefficients of the partial Mantel tests. The line color denotes
the significance level. Line formatting indicates the correlation sign (a solid line means a positive
correlation, while a dashed line means a negative correlation). (d) Correlation between microbial
diversity and soil properties, and the main predictors of microbial diversity based on random
forest model. The mean predictor importance (% of increase in MSE) indicates the importance of
environmental drivers on microbial diversity. NRD, non—rocky desertification; LRD, light rocky
desertification; MRD, moderate rocky desertification; and SRD, severe rocky desertification. BD, bulk
density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN,
available nitrogen; AP, available phosphorus; and AK, available potassium.

4. Discussion

Rocky desertification is a common ecological problem in soil ecosystems worldwide.
In this study, we revealed the effects of RD on soil properties, and soil bacterial and fungal
communities, in the karst area of southwest China, uncovered the driving factors of the

165



Forests 2024, 15, 47

diversity and compositions of soil bacterial and fungal communities, and explored the
indicator taxa for different degrees of RD.

4.1. Effects of RD on Soil Properties

Soil bulk density and porosity are crucial indicators of soil health, directly reflecting
the soil’s structure and its ability to hold water and resist erosion [29]. The present study
showed that RD significantly altered soil physical properties in the karst area of southwest
China. The high quality and quantity of plant litters, as well as low human disturbance in
NRD forests, promoted more efficient accumulation of soil organic matter, which probably
contributed to the relatively low BD in these study areas. With the increase in RD, soil
bulk density (BD) increased continuously (Figure 2), which is consistent with other studies
from various ecosystems [30,31]. In the alpine meadow of the Tibetan Plateau, grassland
degradation significantly increased BD, from 0.99 ¢ cm ™3 of non-degraded grasslands
to 1.38 g cm 3 of extremely degraded grasslands [32]. Additionally, in the forest of the
Savan watershed, degraded forest (1.29 g cm~3) exhibited higher BD than natural forest
(1.03 g cm~3) [33]. The high BD can be attributed to low soil moisture, loss of organic
carbon, and weak soil structure. There was a negative correlation between the stock of
soil organic carbon and soil bulk density in arid and semi-arid areas of North Africa [34].
In this study, RD caused the reduction in vegetation coverage and productivity, while
increasing bare rock area. Subsequently, the soil water evaporation increased and soil
water-retention capacity decreased. Additionally, RD exhibited negative effects on soil clay
content while leading to an increase in soil sand content [35]. Moreover, wind erosion is
one of the most crucial drivers in the RD process of the karst region [36]. Wind erosion
breaks down aggregates and wind removes fine particles, mainly clay, increasing the soil’s
susceptibility to be further degraded [37]. The low vegetation coverage combined with the
effect of wind erosion on the karst area destroyed soil structure and accelerated the loss of
soil organic carbon. Greater loss of soil organic carbon, lower soil moisture, and poorer
aggregation probably account for the higher BD in the RD area in comparison with the
non-RD soils (Figure 2).

In addition, RD may affect soil chemistry via direct or indirect pathways, and signifi-
cantly higher SOC, AN, and AP were found in NRD forests compared with SRD forests
(Figure 2). Previous research also found that soil degradation can decrease soil nutrients
in several ways. The loss of vegetation coverage caused by RD reduced the protection for
soil nutrients, and the reduction in plant productivity decreased the input of soil nutrients
from plant litter and root exudates [38]. Soil enzymes are crucial to catalyzing several
important reactions necessary for the decomposition of organic matter; thus, their activities
play a vital role in nutrient cycling [39]. RD inhibited the activity of soil enzymes, and thus
reduced the available nutrients in soils, which explained the lower AN and AP in the SRD
forest compared with in the NRD forest (Figure 2). Overall, our results indicated that RD
would have adverse effects on soil physical and chemical attributes. Therefore, long-term
monitoring of the variations in susceptible indices of soil properties in the early stage of RD
helps understand the process of RD and to adjust the management strategies in time [40].

4.2. Effects of RD on the Diversity and Composition of Soil Microbial Communities

Soil microorganisms are a major engine of terrestrial biogeochemistry, playing an
essential role in maintaining soil ecosystem functions, including plant growth stimulation,
crop residue decomposition, and organic matter turnover [41]. In the current study, we
performed high-throughput sequencing of 16S rRNA and ITS1 genes to assess the soil
microbial communities of forests with different degrees of RD. RD can alter the diversity
and composition of soil microbial communities through various biotic and abiotic factors.
The bacterial richness (Sobs index and Chaol index) and diversity (Shannon index) were
lower in the RD forest than in the non-RD forest, which was consistent with a previous study
that showed bacterial diversity decreased with the degrees of RD in karst areas [42]. During
the RD process, soil nutrients were significantly reduced (Figure 2), which may inhibit
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bacterial growth and reproduction [43]. The lost vegetation coverage and productivity
in the RD forest was another important reason for the decrease in bacterial and fungal
richness [44]. However, our study found that RD did not pose a threat to the soil fungal
diversity (Figure 3). This finding agrees with a previous study, which indicated a higher
resistance of fungi compared with bacteria [45]. On the one hand, the fungal cell walls are
composed of polymers of chitin and melanin, making them quite resistant to degradation.
On the other hand, fungi are much more efficient at assimilating and storing nutrients
than bacteria, which helps fungi to have a better adaptive ability to poor-resource RD soils.
Furthermore, poor-resource RD areas probably provide higher soil heterogeneity and create
more niche differentiation for fungal communities than rich-resource non-RD soils [46].

In this study, the bacterial and fungal community compositions in non-RD forests were
different from those in RD forests based on both PCoA and NMDS (Figure 5). The dominant
phyla in the bacterial microbial communities among different study sites were consistent,
including Proteobacteria, Actinobacteria, Acidobacteria Chloroflexi, and Gemmatimon-
adetes. This result is in line with previous studies performed in the karst region [47,48].
The phylum Proteobacteria is one of the most abundantly distributed bacterial groups in
various ecosystems based on numerous 16S rRNA gene surveys from forest, grassland,
farmland, and polluted environments worldwide [49-51]. Actinobacteria are considered
an indicator of harsh environment, and they play an important role in enhancing the
weathering of carbonate rocks [52]. Both 165 rRNA gene-based approaches and shotgun
metagenomic assessment have found that Acidobacteria was a highly diverse phylum
across a wide range of habitats worldwide [53]. Chloroflexi and Verrucomicrobia are
categorized as oligotrophic, having a strong resistance to poor nutrient conditions [54]. In
this study, Proteobacteria and Chloroflexi were selected to be indicators for SRD based on
IndVal analysis (Figure 6). Nevertheless, the relative abundances of these bacterial phyla
were significantly different among study sites. In this study, the relative abundance of
Proteobacteria (27.71% in NRD, 27.88% in LRD, 30.90% in MRD, and 34.15% in SRD) and
Chloroflexi (10.55% in NRD, 14.06% in LRD, 18.00% in MRD, and 23.72% in SRD) increased
with increasing RD, while the relative abundance of Actinobacteria (34.23% in NRD, 24.48%
in LRD, 15.49% in MRD, and 15.80% in SRD) reduced gradually (Figure 4). Proteobacteria
is one of the largest phyla of soil bacteria, having highly diverse metabolic capabilities,
and many members in this phylum can be involved in N, fixation and the soil nitrogen
cycle [55]. Moreover, Chloroflexi is found in various ecosystems such as soil and water,
most of which have a very slow growth rate with an anti-stress strategy in disturbed and
nutrient-limited environments [56]. Regarding the fungal communities, Basidiomycota
and Ascomycota were the two dominant phyla in this study (Figure 4), and most members
in the phyla were involved in carbon cycling through decomposing organic matters [57].
However, the relative abundance of Basidiomycota and Ascomycota presented the op-
posite trend (Figure 4). This result is consistent with a previous study which indicated
that Basidiomycota was higher in degraded soils compared with non-degraded soils [58].
Overall, the results revealed that microbial groups have various adaptive strategies to soil
conditions with different degrees of RD in karst habitats [41].

4.3. Factors Shaping Soil Bacterial and Fungal Communities

Extensive studies have indicated that soil variables are the main factors impacting the
diversity and composition of soil microbial communities [59]. In the current study, soil pH
was one of the most important environmental factors affecting both bacterial and fungal
communities in karst areas based on distance-based redundancy analysis (db-RDA), the
Mantel test, and the random forest model (Figure 7). Soil pH has been widely accepted as a
key factor influencing microbial communities through directly or indirectly influencing
microbial growth and soil nutrient availability [60]. Notably, pH impacts the activities of
enzymes and each microbial taxa has a definitive pH growth range [61]. Microorganisms
grow fast at their optimum growth pH, while growing slowly below the minimum growth
pH and above the maximum growth pH. Furthermore, soil pH is regarded as a “master
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variable” that has a strong effect on the mobility of compounds in the soil and impacts
many biogeochemical processes [62]. Generally, high soil pH can reduce the availability
of soil micronutrients, while low soil pH will improve the availability of certain elements
such as phosphorus (P), and thereby influence microbial abundance and composition.
Moreover, soil pH exerts various effects on bacterial and fungal taxa. For instance, the
relative abundances of Chloroflexi and Basidiomycota were positively correlated with pH,
while the relative abundances of Actinobacteria, Zoopagomycota, and Kickxellomycota had
a negative relationship with soil pH (Figure S1). This result indicated that microbial taxa
have their habitat preferences and exhibit different responses to soil pH. It is reported that
lower pH decreased bacterial growth and increased fungal growth [63]. On the contrary,
bacterial and fungal richness and diversities had the same response patterns to pH in this
study: all indices (Sobs index, Chaol index, and Shannon index) decreased with increasing
soil pH. These inconsistent results may be caused by the differences in climate condition,
soil and vegetation properties, and the type of degradation among study sites. Furthermore,
bacterial and fungal communities were strongly impacted by soil pH, and the bacteria
communities (> = 0.947, p = 0.001) were more strongly influenced by pH than the fungi
(r? =0.699, p = 0.001), based on db-RDA (Figure 7). This result might be due to the relatively
wider optimal pH range for fungal growth than for bacteria growth [64]. The soil BD was
also an important factor that impacted the diversity and composition of bacterial and fungal
communities in all study sites (Figure 7). Similar results were found in a previous study,
which showed that BD had a significant association with the communities of bacteria and
fungi in karst areas [65]. It has been accepted that soil BD is an indicator of soil compaction
and many key soil processes, such as infiltration, availability of nutrients, and activity of
soil microorganisms [66]. High BD with soil compaction leads to the restriction of soil O,
concentration, and thereby disturbs the microbial diversity and community. It was found
that SOC, AN, and AP, but not pH or BD, were the significant variables that explained
the majority of the variability in bacterial and fungal diversity and community (Figure 7).
By changing microbial activities and plant characteristics, soil nutrients are considered to
be an important factor that influences the growth and development of microbes in karst
regions [41]. The results were consistent with a previous study that revealed that SOC,
AN, AP, and AK were the main factors influencing the microbial community [67]. As a
source of nutrients and energy to microorganisms, soil organic matter was reported to
play a crucial role in regulating microbial communities [68]. In this study, the relative
abundance of Proteobacteria decreased with an increase in SOC and AP, while the relative
abundance of Actinobacteria showed a significantly positive correlation with AN and
AP. Inconsistent with a previous study [65], there was no correlation between microbial
diversity /community and TN and TP in the karst area. This result might be due to the fact
that soil microbial taxa vary in their nutrient preferences and nutrient acquisition strategies,
which influences the metabolism and species turnover rate of microorganisms. Thus, the
current study demonstrated the potential of both soil physical and chemical properties in
driving the diversity and composition of bacterial and fungal communities in karst areas,
and soil available nutrients (i.e., AN, and AP) might play a more important role in shaping
the microbial community than total nutrients (i.e., TN and TP). Notably, further studies
are still needed to confirm the effects of environmental factors on shaping diversities and
compositions of soil microbial communities in karst areas because the variations in some
variables (especially pH and BD) were relatively low in the current study.

4.4. Linkage between Micorbial Indicators and Ecosystem Functions

The remarkable activity of the soil microbiome plays a critical role in numerous vital
soil functions, including nutrient cycling, organic matter decomposition, and soil structure
formation [19]. Consequently, the positive impacts of combined amendments on enhancing
ecosystem health are intricately linked to the diversity and composition of soil microbial
communities. In this study, we found that the bacterial phylum Actinobacteria can be
considered a good indicator for NRD forests, while Planctomycetes, Dependentiae, Chlo-
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roflexi, and Proteobacteria had relatively high abundance in RD forests (Figure 6). Previous
research has indicated that Actinobacteria members were clustered to be typical copi-
otrophic bacterial species, while Planctomycetes and Chloroflexi are typical oligotrophic
bacterial species [69]. Here, we detected that the oligotrophic groups (Planctomycetes
and Chloroflexi) decreased while copiotrophic groups (Actinobacteria) increased with the
RD gradient, suggesting that there was a shift in microorganisms from oligotrophic to
copiotrophic groups following forest RD. The oligotrophic taxa with a low growth rate play
an essential role in organic matter decomposition [70]. Previous research has revealed that
Actinobacteria comprise one of the most abundant and impactful groups of microorganisms
within soil microbial communities [71]. They play an essential role in driving ecological
nutrient cycling within the soil ecosystem. Notably, these Actinobacteria are renowned for
their production of diverse biologically active substances, including enzymes, antibiotics,
and vitamins, which contribute significantly to various ecological functions [71]. Further-
more, Dependentiae can be found in most soils with relatively low abundances, although
information about their ecological functions remains scant [72]. Unlike the fast-growing co-
piotrophic taxa, the oligotrophic bacteria prioritize the production of extracellular enzymes
during periods of resource scarcity. These enzymes act like molecular scissors, breaking
down complex molecules into simpler forms that other organisms can readily utilize.

In addition, Chaetosphaeriales, Diaporthales, Hysteriales, Pleosporales, and Tricho-
sphaeriales belong to the fungal phylum Ascomycota and were found to be enriched in
NRD forests (Figure 6). Previous research has indicated that the Ascomycota phylum dom-
inated the fungal communities in harsh environments [73]. These fungi are critical drivers
of carbon and nitrogen cycling within these arid ecosystems, playing essential roles in soil
stabilization, plant biomass decomposition, and endophytic interactions with plants. By
contrast, Geminibasidiales, G525, Leucosporidiales, Atheliales, and Cantharellales belong
to Basidiomycota, and were mainly found in RD forests (Figure 6). Basidiomycota phylum
fungi dominate the decomposition of deadwood, with white-rot and brown-rot species
playing a pivotal role due to their potent lignin degradation capabilities. These fungal
phyla achieve this feat through their impressive arsenal of extracellular lignocellulolytic
enzymes, efficiently breaking down the complex lignin polymer [74]. However, further
studies are required to reveal the ecological functions of these microbial indicators in forests
with different degrees of RD in karst regions.

5. Conclusions

In conclusion, the responses of soil properties and microbial communities to rock
desertification (RD) in karst area were systematically investigated. Based on our results,
forest RD in this specific area resulted in the variations in the diversities and compositions
of soil bacterial and fungal communities. The richness and diversities of microbial com-
munities decreased with increasing degree of RD. The microbial community composition
shifted from copiotrophic strategy groups dominating in the non-RD forest, to oligotrophic
strategy groups dominating in the RD forest. The variations in soil bacterial and fungal
community compositions were mainly explained by soil BD, pH, SOC, AN, and AP. The
microbial taxa Chloroflexi, Patescibacteria, Atheliales, and Cantharellales could be regarded
as the potential indicators for the specific degree of RD. Taken together, this study aids
further understanding of the effects of RD on soil microbial communities and promotes
the basic knowledge about the selection of biological indicators for RD forests. However,
further studies are required to reveal the relationship between these bio-indicators and
ecosystem functions at a large scale to improve activities aiming to restore karst systems
via microbial technology.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/£15010047 /s1, Method 1: DNA Extraction, pyrosequencing, and bioinfor-
matic processing; Figure S1: The correlations between the relative abundance of microbial phyla and
soil properties. BD, bulk density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus;
TK, total potassium; AN, available nitrogen; AP, available phosphorus; and AK, available potassium;
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Table S1: Primer sets and thermal profiles used in PCR amplification. References [75-80] are cited in the
supplementary materials.
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Abstract: Water use efficiency (WUE) is key to linking the water, carbon, and nutrient cycles in
terrestrial ecosystems. However, the coupling between WUE and leaf nutrients is still poorly under-
stood in subtropical forests. Here, the stable carbon isotope technique was employed to estimate
the leaf-scale WUE of five common tree species (Castanopsis eyrei, Symplocos laurina, Machilus grijsii,
Ternstroemia gymnanthera, and Rhododendron ovatum) in different habitat types (i.e., hillside, near the
top of the peak, and peak) in a subtropical broad-leaf evergreen forest on the western slope of Wuyi
Mountain, southern China. In addition, leaf carbon (C), nitrogen (N), and phosphorus (P) contents
were also measured to assess plant nutrient utilization and its relationship with WUE. From the
hillside to the peak, soil water content showed a decreasing trend, whereas the soil total C, N, and P
contents showed an increasing trend. Regardless of species, the leaf 613Cp value and WUE showed
an increasing trend from the hillside to the peak, mainly due to an increase in soil water deficit
and light. The leaf N and P contents showed an increasing trend from hillside to peak due to an
increase in soil nutrients, while the leaf C: N ratio, C:P ratio, and N:P ratio showed a decreasing
trend. The regression analysis showed that leaf-scale WUE was positively correlated with the leaf
N and P contents but negatively correlated with the leaf N:P ratio, especially for the three species
(C. eyrei, S. laurina, and T. gymnanthera). These results indicated that the differences in soil water
availability, light, and soil development resulting from different habitats have a significant impact on
leaf-scale WUE and nutrient status on Wuyi Mountain. Therefore, there may be a close relationship
between WUE and leaf nutrients, which would help us to better understand the water-, carbon-, and
nutrient-coupled relationships for the evergreen broad-leaved tree species in this region.

Keywords: subtropical forest; stable carbon isotope; C N P stoichiometry; habitat; Wuyi Mountain

1. Introduction

In recent years, global climate warming and corresponding environmental changes
have significantly affected the plant community structure and function in terrestrial ecosys-
tems [1]. Firstly, to cope with climate and environmental changes, plants will develop a
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series of physiological and ecological regulatory mechanisms, the critical aspect of which is
to modulate plant water use efficiency (WUE) [2,3]. WUE is defined as the function between
carbon assimilation rate and stomatal conductance [4]. Hence, WUE not only reflects the
balance of water supply and consumption for plant growth [5] but also can indicate the
plant’s adaptation to environmental changes [2,6]. Secondly, as the essential nutrients for
plant growth, carbon (C), nitrogen (N), and phosphorus (P) can substantially influence the
physiological and ecological function of the plants [7-9]. As the most crucial structural
element in plant tissues, C accounts for about 50% of plant dry matter and is a substrate
and energy source for various physiological and biochemical processes in plants [10,11]. N
and P are the two most important limiting elements for plant growth, and the C, N, and P
contents, as well as their stoichiometric ratios (i.e., C:N ratio, C:P ratio, and N:P ratio), can
effectively reflect the uptake assimilation capacity and nutrient limitation of plants [8,12,13].
There have been many studies on leaf-scale WUE [2,3,5,6,14-18] and C, N, and P nutri-
ents [7,8,10,19,20]. However, the intrinsic correlation between the leaf-level WUE and
leaf nutrients is not well studied [9,21], which limits our understanding of the coupled
relationships between carbon-water cycling and nutrient cycling in terrestrial ecosystems.

In C3 plants, leaf-scale ‘intrinsic’ WUE can be identified by the stable carbon isotope
ratio in a leaf (5'3Cp), due to the fact that it is primarily related to the ratio of the intercellu-
lar (C;) to the atmospheric (C,) partial pressure of CO, (C;/Cjy; [4,22,23]). As a sensitive
indicator in response to climate and environmental changes, leaf-scale WUE is generally
influenced by external environmental conditions (such as water availability and light) and
internal leaf nutrients. For example, Liu et al. (2021) found that the leaf 613Cp and WUE
values of desert plants in northern China decreased with increasing annual precipitation,
which was mainly because the increase in rainfall enhanced plant water availability and
reduced light radiation [15]. Moreover, a soil water deficit can lead to stomatal closure and
reduced stomatal conductance, resulting in a lower ratio of C;/C, and a higher leaf §!°C;,
and WUE [4,22-24]. Moreover, light differences can affect the leaf 5'°C, and WUE by influ-
encing chlorophyll content, leaf phototropism, carboxylase activity, and other biochemical
processes that are related to photosynthesis in plants [11]. In addition to environmental
factors, the plant’s nutrient status also can influence leaf-scale WUE by modulating plant
photosynthesis. For instance, the leaf P content tends to be positively correlated with the
photosynthetic rate [25]. This is because, under a shortage of P, the influence of chloroplasts
on the photosynthetic rate is greater than that of stomatal conductance [26]. Likewise, the
increase in leaf N content could enhance photosynthesis mainly by promoting the activity
of enzymes [27]. At the leaf level, WUE was positively correlated with leaf P content, but it
was not significantly associated with leaf N content in a P-limited subtropical forest [9,28].
However, the WUE of broad-leaf trees was positively correlated both with the leaf N and P
contents in a temperate forest [11]. In rubber forests, WUE was positively correlated with
the leaf N and P content but negatively correlated with the leaf N:P ratio [29].

The subtropical evergreen broad-leaved forest is one of the most important vegetation
types in the Wuyi Mountains of southern China [30]. Changes in intrinsic WUE have
been reported for different life types (i.e., trees, shrubs, and herbs) along the altitudinal
gradient of Wuyi Mountain [21]. However, to date, a systematic study on the leaf-scale
WUE changes and their coupling relationship with leaf nutrients in this region under
different habitat conditions is still unclear. In this study, we selected five common trees
(i.e., Castanopsis eyrei, Symplocos laurina, Machilus grijsii, Ternstroemia gymnanthera, and
Rhododendron ovatum) as the target plants under different habitats (i.e., hillside, near the top
of the peak, and peak) in a subtropical broad-leaf evergreen forest on the western slope of
Wuyi Mountain, southern China. By measuring the leaf '3Cp, and the C, N, and P contents
for these five tree species, our main aims are (1) to determine the variation patterns of
leaf-scale WUE from hillside to peak; (2) to analyze the differences in leaf C, N, P contents
and their stoichiometric ratios under different habitat conditions; and (3) to explore the
relationship between intrinsic WUE and leaf nutrients for the five tree species. These results
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would help us to better understand the coupled relationships between WUE and nutrients
for the evergreen broad-leaved tree species in this region.

2. Materials and Methods
2.1. Study Area, Experimental Design, and Sample Collection

We conducted the study in a subtropical evergreen broad-leaved forest (27°40'50” N,
117°09'11" E), which is located within Jiangxi Matou Mountain National Nature Reserve
in Zixi County, Jiangxi Province, southern China (Figure 1). The study area lies on the
western slope of Wuyi Mountain, where it preserves a larger area of native evergreen
broad-leaved forests with a high forest coverage of 96.3%, making it an important gene pool
of biological resources in the world. It has a typical subtropical humid monsoon climate
with an annual average temperature of 17 °C, an annual average precipitation of 1930 mm,
and a relative humidity of 83%. In this forest, the dominant species are mainly composed
of evergreen and deciduous trees such as C. eyrei, Lithocarpus litseifolius, Schima superba,
S. laurina, M. grijsii, T. gymnanthera, Alniphyllum fortune., etc. The soil types belong to red
soil and red—yellow soil according to the Genetic Soil Classification of China [31].
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27°50'0"N7
27°450"N
Matoushan S 0 3 6
e km
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Figure 1. Location of the study area and sampling points.

In October 2020, three sample plots with different habitat types (i.e., hillside in the
northeast slope (H-NE), near the top of the peak in the southwest slope (NP-SW), and
peak in the southwest slope (P-SW)) were set up in this subtropical evergreen broad-leaved
forest (Figure 1 and Table 1). Five common dominant tree species (i.e., C. eyrei, S. laurina,
M. grijsii, T. gymnanthera, and R. ovatum) were selected as target plants in each sample plot.
In each plot, four quadrats with a size of 20 m x 20 m were randomly set up to investigate
the five target trees. For each target species, five plants with similar heights and diameters
at breast height (DBH) in each quadrat were selected to collect 10-15 mature leaves. The
collected leaf samples were washed with pure water to remove surface impurities and
dust, brought back to the laboratory, and oven-dried at 80 °C for 48 h. Each dried sample
was then crushed using an onyx grinder, sieved through a 100-mesh sieve, and used as a
sample to be tested. Meanwhile, soil samples from 0 to 30 cm were collected with a soil
core (5 cm in diameter) after removing the forest floor in each sample plot according to a 10
m X 10 m grid to determine the initial soil moisture and nutrient contents.
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Table 1. Basic situation of plant growth environments of three sample plots in a subtropical broad-leaf
evergreen forest on the western slope of Wuyi Mountain in southern China.

Habitat Type  Aspect G Slf)pe . Altitude Soil Watir Soil Total CﬁContent Soil Total Nﬁ Soil Total PiContent
radient (°) (m) Content (%) (mgg1) Content (mg g—1) (mgg1)
Hillside NE 30 275 28.57 £0.512 41.02+1.81°¢ 1.08 + 0.07P 0.16 +0.01 €
Nei;;h;e;‘;(p of o 38 356 17.89 +0.79 ° 62.17 + 8.57° 1.70 +0.242 0.35 4+ 0.03°
Peak SW 40 370 19.96 +1.63° 87.67 £12.83% 1.81+£0.192 043 +0.012

Notes: NE: northeast slope; SW: southwest slope. Data are mean value + standard error. The different lowercase
letters in the same column indicate a significant difference in soil properties among stands at p < 0.05.

2.2. Sample Chemical Analysis

The soil water content was measured using the oven-drying method. Air-dried soil
samples were milled to pass through a 0.15 mm sieve to analyze the soil nutrient contents.
In this experiment, N and P contents were measured colorimetrically on an Autoanalyzer
(AA3, Seal Analytical, Norderstedt, Germany) after acid digestion with 98% H;SO, and
30% HO,. Organic C content was measured with an elemental analyzer (Flash 2000 HT,
Thermo Fisher Scientific, Bremen, Germany) [31]. In addition, 0.04~0.05 mg of dried
leaf sample was weighed and placed in pre-burned tin capsules (3.5 X 9 mm) for stable
carbon isotope measurement. The leaf §'>C was determined using an isotope ratio mass
spectrometer (IRMS) (Delta V Advantage, Thermo Fisher Scientific, Bremen, Germany)
coupled with an elemental analyzer (Flash EA 2000 HT, Thermo Fisher Scientific, Bremen,
Germany) at the IRMS laboratory of Jiangxi Agricultural University. The cellulose standard
(IAEA-CHS3; §'3C = —24.724%9), L-glutamic acid (USGS40; §'>C = —26.39%o), and urea
(CO(NHy,),; 613C = —41.30%0) were used to calibrate the 5!3C measurements, respectively.
The standard deviation for the repeated analysis of an internal standard was <0.03 %o.

2.3. Calculation of Water Use Efficiency (WUE)

The leaf-scale WUE is defined as the ratio of the rate of carbon assimilation (A, pho-
tosynthesis) and stomatal conductance (gs) and can be estimated from the stable carbon
isotope discrimination value in leaves (A'3Cp) using the following equation [4,18,22,23]:

WUE = A/gs = (Ca — C;)/1.6 = C4 (b — A®C,)/[1.6 (b — a)] 1)
where A13Cp is the stable carbon isotope discrimination value (Equation (2)), C; is the intercellu-
lar CO, concentration, C, is the atmospheric CO, concentration obtained from Equation (3), a
(4.4%0) is the fractionation during the diffusion of COy, b (27%o) is the biochemical fractionation,
and 1.6 is the ratio of the diffusivities of water vapor and carbon dioxide [22,23].

The stable carbon isotope discrimination value (A13Cp ; Equation (2)) [4,22,23], at-
mospheric CO, concentration (C,; Equation (3)) [5,17], and stable carbon isotopic ratio
(8'3Catm; Equation (4)) [5,17] were calculated from the following equations, respectively:

ABCp=a+ (b —a)Ci/Ca = (8"Cam — 8"Cp)/[(1 + 81Cp)/1000] ()
Ca = 277.78 + 1.350exp (0.01572 (t — 1740)) (3)
§3Catm = —6.429 — 0.006exp (0.0217 (t — 1740)) (4)

In the formula, 613Cp is the stable carbon isotopic ratio of the leaves, and t is the
sampling year. In this study, t = 2020, and substituting this into Equations (3) and (4), the
C, in 2020 was calculated to be 389.66 pmol mol !, and 5!3C,im was —6.93 %o.

2.4. Statistical Analyses

The data were statistically analyzed using R-studio 4.1 software. A one-way analysis of
variance (ANOVA) was employed to compare the differences in the leaf 613Cp values, WUE,
and nutrient contents of the same tree species under different habitat conditions. Additionally,
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the differences in soil water content, soil organic C content, soil total N content, and soil total
P content were examined across different sampling plots. The significance level was set at
0.05. Linear fits were performed through a regression analysis of leaf-scale WUE to leaf N and
P concentrations and the N:P ratio for each species, with 95% confidence intervals.

3. Results
3.1. Environmental Conditions under Different Habitat Types

There were significant differences in the environmental conditions under the three
different habitat types (Table 1). Specifically, there was a smaller slope gradient and a lower
altitude on the hillside on the northeast slope (H-NE), while there was the largest slope
gradient and the highest altitude at the peak on the southwest slope (P-SW). For the soil
properties, the soil water content decreased with an increasing altitudinal gradient from
the hillside to the peak. However, the soil total C content, soil total N content, and soil total
P content increased with an increasing altitudinal gradient from the hillside to the peak.

3.2. Leaf 6'3Cy and WUE under Different Habitat Conditions

There were significant differences in the leaf §'3C,, and WUE for the five tree species
under the different habitat conditions (Figure 2). From the hillside to the peak, a positive
trend was observed in the leaf 513Cp values of the five tree species. Consequently, the WUE
values exhibited a corresponding increasing trend. Regardless of species, the relatively
more negative leaf 5'3Cy, values are mainly found at the hillside, but the relatively positive
leaf 513Cp values are generated at the peak (Figure 2a). Thus, there was lower WUE at the
hillside but higher WUE at the peak (Figure 2b).
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Figure 2. Leaf 513Cp (a) and WUE (b) of five tree species under different habitat conditions in a
subtropical broadleaf evergreen forest on the western slope of Wuyi Mountain in southern China.
Notes: H-NE: hillside on the northeast slope; NP-SW: near the top of the peak on the southwest
figureslope; P-SW: the peak on the southwest slope. The different lowercase letters (a, b, c) mean
that there is a significant difference among the treatments (H-NE, NP-SW, and P-SW) at p < 0.05.
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3.3. Leaf Nutrients and Their Stoichiometric Ratios under Different Habitat Conditions

There were also significant differences in the leaf N and P contents and stoichiometric
ratios under the different habitat conditions, but no significant differences in the leaf C
contents (Figures 3 and 4). From the hillside to the peak, the leaf N and P contents of
the five tree species showed an increasing trend (Figure 3), but the leaf C:N ratio, C:P
ratio, and N:P ratio exhibited a decreasing trend (Figure 4). Specifically, the leaf N content
ranged from 6.95 mg g~ ! to 16.29 mg g, the leaf P content ranged from 0.69 mg g~ ! to
1.51 mg g_l, the leaf C:N ratio ranged from 26.07 to 72.37, the leaf C:P ratio ranged from
290.56 to 744.28, and the leaf N:P ratio ranged from 8.77 to 14.98. Overall, the leaf N and P
contents at the peak were higher than those at the hillside (Figure 3b,c), while the leaf C:N,
C:P, and N:P ratios at the peak were lower than those at the hillside (Figure 4).
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Figure 3. Leaf C content (a), N content (b), and P content (c) of five tree species under different habitat
conditions in a subtropical broad-leaf evergreen forest on the western slope of Wuyi Mountain in
southern China. Notes: H-NE: hillside on the northeast slope; NP-SW: near the top of the peak on the

southwest slope; P-SW: the peak on the southwest slope. The different lowercase letters (a, b, c) mean
that there is a significant difference among the treatments (H-NE, NP-SW, and P-SW) at p < 0.05.
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Figure 4. Leaf C:N ratio (a), C:P ratio (b), and N:P ratio (c) of five tree species under different habitat
conditions in a subtropical broadleaf evergreen forest on the western slope of Wuyi Mountain in southern
China. Notes: H-NE: hillside on the northeast slope; NP-SW: near the top of the peak on the southwest
slope; P-SW: the peak on the southwest slope. The different lowercase letters (a, b, c) mean that there is
a significant difference among the treatments (H-NE, NP-SW, and P-SW) at p < 0.05.

3.4. Relationships between Leaf Nutrients and WUE

The leaf nutrients (i.e., N, P, and N:P ratio) both had a significant relationship with
WUE for three of the tree species, namely C. eyrei, S. laurina, and T. gymnanthera, while only
either N or P had a significant relationship with WUE for the remaining two tree species,
M. grijsii and R. ovatum (Figure 5). Specifically, the leaf N content was significantly positively
correlated with WUE for C. eyrei (r = 0.494; Slope = 1.13; p < 0.05; Figure 5a), S. laurina
(r =0.442; Slope = 1.47; p < 0.05; Figure 5d), M. grijsii (r = 0.691; Slope = 2.33; p < 0.01;
Figure 5g), and T. gymnanthera (r = 0.728; Slope = 2.66; p < 0.01; Figure 5j), but not for
R. ovatum (p > 0.05; Figure 5m). The leaf P content was also significantly positively correlated
with WUE for C. eyrei (r = 0.759; Slope = 13.82; p < 0.01; Figure 5b), S. laurina (r = 0.899;
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Slope = 32.77; p < 0.01; Figure 5e), T. gymnanthera (r = 0.558; Slope = 18.89; p < 0.05;
Figure 5k), and R. ovatum (r = 0.474; Slope = 7.98; p < 0.05; Figure 5n), but not for M. grijsii
(p > 0.05; Figure 5h). However, the leaf N:P ratio was significantly negatively correlated
with WUE for C. eyrei (r = —0.483; Slope = —0.83; p < 0.05; Figure 5c), S. laurina (r = —0.646;
Slope = —1.85; p < 0.01; Figure 5f), and T. gymnanthera (r = —0.492; Slope = —4.09; p < 0.05;
Figure 51), but not for M. grijsii (p > 0.05; Figure 5i) and R. ovatum (p > 0.05; Figure 50).
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Figure 5. The relationship between WUE and the leaf N content, leaf P content, and leaf N:P of the
five tree species in a subtropical broad-leaf evergreen forest on the western slope of Wuyi Mountain
in southern China. Notes: the gray square represents C. eyrei (a—c), the red circle represents S. laurina
(d—f), the blue triangle up represents M. grijsii (g-i), the green triangle down represents T. gymnanthera
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between WUE and leaf nutrients with the significance level set at 0.05. The shadow indicates 95%
confidence intervals.
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4. Discussion
4.1. Effect of Habitat Types on Leaf-Scale WUE

At the local scale, water availability and light conditions are considered the two most
important environmental factors to influence the leaf-scale WUE, mainly by controlling the
stomatal conductance or photosynthetic capacity [4,11,17]. In this subtropical forest, the
513C,, values of five tree species showed an increasing trend with decreasing soil moisture
from the hillside to the peak (Table 1 and Figure 2), suggesting that soil water content
has a more significant influence on leaf-scale WUE. Similarly, Huang et al. (2019) found
that the leaf 5!3C,, values of trees gradually increased from the depression to the hilltop
due to decreased soil moisture in a karst seasonal rainforest [17]. Zhang et al. (2017) also
found that whether the instantaneous WUE derived from the gas exchange or the intrinsic
WUE calculated from the carbon isotope model for the Platycladus orientalis seedling, both
reached their maximum value at the lowest soil water content [16]. Thus, these two results
are consistent with our study, implying that leaf-scale WUE is highly sensitive to soil water
availability. The regulation mechanisms of soil water availability for the leaf-scale WUE
may be the following: In habitats with limited soil moisture, plant defense cells may reduce
intracellular solutes through metabolic processes as a response to water scarcity in the
root systems. This can lead to an increase in water potential and subsequent water loss
within cells [4]. In this case, part of the stomata will be closed due to dehydration, and this
physiological strategy can not only reduce plant transpiration but also decrease the ratio
of C;/C,, thereby resulting in a more positive value of §'3C and higher WUE [22,23]. In
contrast, stomatal conductance functions at its full capacity, resulting in a more negative
value of 5!3C and lower WUE in a moist habitat [6].

In addition to water availability, light is another important environmental factor that
can affect leaf-scale WUE [11,17]. This is mainly because photosynthetic processes such as
chlorophyll distribution, leaf phototropism, and carboxylase activity are all closely related
to light [32]. Considering that the insolation index at the peak may be higher than that
of the hillside, more light will lead to an increase in CO, assimilated by photosynthesis,
which may decrease stomatal conductance and result in a higher leaf §'*C,, value and WUE
for the high-altitude species than for the low-altitude species (Figure 2). Huang et al. (2019)
also found that the leaf §'3C, value and WUE of Sterculia monosperma gradually increased
from the depression to the peak with an increase in the insolation index [17]. Similarly,
the 513Cp and WUE values were higher in leaves at the top of the canopy than in leaves at
the lower canopy due to differences in light intensity in the forest canopy structure [11,32].
Therefore, this evidence suggested that habitat-induced differences in soil water availability
and light intensity can significantly affect leaf-scale WUE values.

4.2. Effect of Habitat Types on Leaf Nutrients and Their Stoichiometric Ratios

Leaf C, N, and P contents could reflect the nutrient uptake status of the plants, which is
mainly influenced by soil nutrients, temperature, precipitation, mycorrhizal, and succession
time [12,19,20,33]. In this study, we found that the leaf N and P contents showed an
increasing trend with an altitudinal gradient from the hillside to the peak for the five
species, despite no significant difference in the leaf C content (Figure 3b,c). In general, as
the most crucial element in the dry matter of the plant, C is primarily derived from CO,
assimilation during photosynthesis; thus, it is not a limiting element for plant growth [7,20].
On the one hand, plants” N sources are influenced by the weathering of parent rocks and
the decomposition of organic matter in the soil. On the other hand, plants can also obtain
N sources from the atmosphere through biological and high-energy N-fixation [34]. In this
region, the succession time of the subtropical broad-leaved evergreen forests dominated
by Castanopsis eyrei at the peak was often longer than that at the hillside, which led to
the soil organic matter and soil total N contents being greater at the peak than at the
hillside (Table 1). Thus, we found that the leaf N content was increased with increasing
altitude from the hillside to the peak (Figure 3b). However, a plant’s P content is mainly
derived from a parent rock’s weathering; hence, the soil total P content is lower if the
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weathering time of the parent rock is longer [13]. In this case, the plant will suffer from
a stronger P limitation, particularly in subtropical forests [35]. We found that the leaf P
content showed an increasing trend from the hillside to the peak (Figure 3c). This is mainly
because the chemical weathering of the parent rock decreases with increasing altitude on
Wuyi Mountain [21]. This leads to increased soil P content in the high-altitude habitats,
resulting in a higher leaf P content at the peak.

The leaf C:N and C:P ratios reflect the plant’s ability to assimilate C as it absorbs
N and P; hence, they are often used to indicate a plant’s nutrient use efficiency [7,11,20].
In this subtropical forest, we found that the leaf C:N and C:P ratios decreased with an
increase in altitudinal gradient, suggesting that the hillside has a higher nutrient utilization
efficiency than the peak due to the relatively lower leaf N and P contents in the low-altitude
habitat (Figure 4a,b). In addition, the leaf N:P ratio can be used to assess the nutrient
limitation status of plants to some extent [13]. At the community level, Townsend et al.
(2007) suggested that N limitation likely occurs at an N:P ratio < 14, with P limitation
probable at an N:P ratio > 16, and maybe both N- and P limitations when 14 < N:P < 16 [36].
In this region, we found that the leaf N:P ratio of the five tree species was chiefly less than
14 at the peak (Figure 4c), suggesting that plant growth was generally limited by N in
high-altitude habitats. Interestingly, the leaf N:P ratio of most of the tree species on the
hillside ranged between 14 and 16 (Figure 4c), suggesting that the growth of plants in this
habitat is likely co-limited both by N and P. However, the subtropical forest was often
considered a P-limited ecosystem [35,36]. This is not quite consistent with our results, and
the main reason for this may be related to the degree of soil development. As mentioned
earlier, on Wuyi Mountain, there is a weaker weathering intensity of the parent rock on
the high-altitude mountain than that of the low-altitude mountain [21]. Therefore, at the
mountain peak, the soil has a higher P content, which results in plants experiencing N
limitation (Table 1). On the contrary, there is a more serious loss in P in mineral soils on the
hillside due to the stronger soil development degree; hence, plant growth in this habitat
is often subjected to the co-limitation of N and P. These results further implied that the
difference in soil development caused by habitats will significantly affect the leaf nutrients
and their C N P stoichiometric ratios in the subtropical forest ecosystem.

4.3. The Coupling Relationships between WUE and Leaf Nutrients for the Five Tree Species

Theoretically, there is a close coupling relationship between intrinsic WUE and leaf
traits in terrestrial ecosystems [14]. Leaf nutrients (e.g., N and P) influence intrinsic WUE
mainly by modulating photosynthetic and transpiration rates [9,11,21,29]. N is an essential
component of chlorophyll, proteins, and enzymes in plants, which can significantly impact
plant photosynthesis [37]. It has been shown that an increased N content can promote
chlorophyll and protein synthesis and increase leaf area, thereby increasing plant photo-
synthesis [14,27]. Moreover, increased N availability can also enhance the nutrient content
of non-light organs, which will further increase cellular osmotic pressure and reduce wa-
ter loss in leaves, thereby increasing WUE [38]. Similarly, the effects of P on leaf-scale
WUE are mainly due to its influence on the Rubisco carboxylase, chlorophyll content,
and corresponding photosynthetic rate [25]. Generally, P in mineral soils can be easily
transported to the surface of the fine roots to increase the P concentration in the leaves
under transpiration stress, thus causing a positive correlation between leaf P content and
transpiration rate [27]. A recent study has proved that an increase in foliar P concentration
could indirectly enhance the leaf-scale WUE in a subtropical forest [9]. The results of the
above studies both support a positive correlation between WUE and both leaf N and P
content, which is consistent with our research (Figure 5). In addition, the leaf N:P ratio was
also closely correlated with intrinsic WUE [8,28]. It was found that the photosynthesis rate
could reach its optimum value when the leaf N:P ratio was 12. Thus, the leaf N:P ratio was
positively correlated with the photosynthesis rate at an N:P ratio < 12; however, the leaf
N:P ratio was negatively correlated with the photosynthetic rate at an N:P ratio > 12 [39].
In our study, for most of the species, the leaf N:P ratio was greater than 12; hence, intrinsic
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WUE was negatively correlated with the leaf N:P ratio (Figure 5). However, it is worth
noting that the WUE of three of the tree species (i.e., C. eyrei, S. laurina, and T. gymnanthera)
showed significant relationships both with the leaf N content, leaf P content, and leaf N:P
ratio, while the WUE of the other two tree species (i.e., M. grijsii and R. ovatum) showed
a significant positive correlation with only either the leaf N content or the leaf P content
(Figure 5). We found that the increased rates of P for the three tree species were faster than
those of N (i.e., the slope values of P were higher than those of N) with increased WUE
from the hillside to the peak, meaning that P may be more important for modulating WUE
for these tree species in the subtropic forest, which has been well-demonstrated in a recent
study [9]. Thus, WUE was negatively correlated with the leaf N:P ratio for the three tree
species (Figure 5). On the contrary, the increased rates of N for the other two tree species
(i.e., M. grijsii and R. ovatum) were faster or the same as that of P, which would result in
no significant correlations between WUE and the leaf N:P ratio for these two tree species.
Thus, we suppose that this asynchrony among plants may be caused by differences in the
rates of N or P uptake of species, which still requires further research in the future. Overall,
our results suggested that N and P and their stoichiometry balance could co-modulate the
water utilization for the five evergreen broad-leaved tree species in this region.

5. Conclusions

In this study, we investigated the leaf-scale WUE and leaf nutrients of five tree species
(C. eyrei, S. laurina, M. grijsii, T. gymnanthera, and R. ovatum) in three different habitat types
(i.e., hillside, near the top of the peak, and peak) on the western slope of the Wuyi Mountain
in southern China. From the hillside to the peak, the leaf-scale WUE of the tree species
increased gradually with the decrease in soil moisture and the increase in light. The leaf N
and P contents showed an increasing trend due to an increase in soil nutrients, whereas
the leaf C:N, C:P, and N:P ratios showed a decreasing trend. More importantly, we found
that leaf-scale WUE was positively correlated with the leaf N and P contents but was
negatively correlated with the leaf N:P ratio, especially for three of the five species (i.e.,
C. eyrei, S. laurina, and T. gymnanthera). These results indicated that changes in leaf-scale
WUE and nutrients of evergreen broad-leaved tree species under different habitat types are
mainly driven by differences in soil water availability, light, and soil development sequence,
despite there being interspecific differences. It was also emphasized that leaf nutrients
can be used as potential proxies to identify the variations in leaf-scale WUE for specific
species. In summary, our findings are valuable for understanding the water-, carbon-,
and nutrient-coupled relationships for the evergreen broad-leaved tree species, which are
important in the face of global changes.
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Abstract: Growth-promoting endophytic bacteria possess substantial potential for sustainable agri-
culture. Here, we isolated an endophytic bacterium, Pseudomonas sp. En3, from the leaf endosphere
of Populus tomentosa and demonstrated its significant growth-promoting effects on both poplar and
tomato seedlings. The phosphorus solubilization and nitrogen fixation abilities of strain En3 were
confirmed via growth experiments on NBRIP and Ashby media, respectively. Salkowski staining and
HPLC-MS/MS confirmed that En3 generated indole-3-acetic acid (IAA). The infiltration of En3 into
leaf tissues of multiple plants did not induce discernible disease symptoms, and a successful repli-
cation of En3 was observed in both poplar and tobacco leaves. Combining Illumina and Nanopore
sequencing data, we elucidated that En3 possesses a circular chromosome of 5.35 Mb, exhibiting an
average G + C content of 60.45%. The multi-locus sequence analysis (MLSA) and genome average
nucleotide identity (ANI) supported that En3 is a novel species of Pseudomonas and constitutes a dis-
tinct phylogenetic branch with P. rhizosphaerae and P. coleopterorum. En3 genome annotation analysis
revealed the presence of genes associated with nitrogen fixation, phosphate solubilization, sulfur
metabolism, siderophore biosynthesis, synthesis of IAA, and ethylene and salicylic acid modulation.
The findings suggest that Pseudomonas sp. En3 exhibits significant potential as a biofertilizer for crop
and tree cultivation.

Keywords: poplar; endophytes; plant growth promotion; Pseudomonas; colonization; genome

1. Introduction

Endophytic bacteria can colonize plant tissues without eliciting any disease symptoms
in host plants [1]. Many endophytic bacteria can promote plant growth by assisting the
acquisition of essential nutrients, synthesizing phytohormones, or enhancing host resis-
tance against pathogenic microorganisms. The mechanism of plant growth promotion via
endophytic bacteria resembles that of rhizosphere bacteria residing in soil; however, their
presence within plant tissues allows for more direct beneficial effects on the closely associ-
ated plant cells [2]. Therefore, the identification and characterization of endophytic plant
growth-promoting (PGP) bacteria holds significant potential for application in sustainable
agriculture and silviculture [3].

Pseudomonas is a diverse and complex bacterial genus that occurs in a broad range
of ecological niches, including plant tissues [4]. Some endophytic Pseudomonas species
are well known as PGP agents. For instance, the rice endophytic P. stutzeri A15 employs
a nitrogenase complex to fix nitrogen [5], and three Pseudomonas isolates derived from
Miscanthus giganteus can produce gluconic acid to solubilize inorganic phosphate com-
pounds [6]. P. mosselii and P. putida W619 from the root tissues of wheat and poplar were
confirmed to biosynthesize indole-3-acetic acid (IAA) via the tryptophan pathway [7,8].
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P. fluorescens YsS6 and P. migulae 8R6 can reduce ethylene content in mini carnation fresh
cut flowers via 1-aminocyclopropane-1-carboxylate (ACC) deaminase [9]. P. fluorescens
BRZ63, P. simiae PICF7, and P. putida BP25, endophytes of oilseed rape, olive, and pepper,
respectively, have been found to inhibit the growth of various pathogenic fungi or bacte-
ria [10-12]. The endophytic bacterium P. brassicacearum Zy-2-1 from Sphaerophysa salsula,
P. fluorescens Sasm05 from Sedum alfredii Hance, and P. azotoformans ASS1 from Alyssum
serpyllifolium can protect plants from abiotic stress and expedite the phytoremediation
process of metal-contaminated soils [13-15]. The colonization of host tissues by these
endophytic Pseudomonas species continuously confers benefits to their hosts and presents
significant potential for application as alternatives to chemical fertilizers and pesticides.

Poplar trees (Populus spp.) are widely cultivated worldwide for producing fiberboard,
paper pulp, and construction lumber [16]. Several poplar endophytic bacteria derived from
root and stem endosphere have been characterized for their growth-promoting abilities.
Two strains from different Burkholderia species, B. vietnamiensis WPB and B. pyrrocinia
JK-SHO007, both isolated from poplar stem, can promote growth of bluegrass and poplar
seedlings, respectively [17-19]. Enterobacter sp. strain 638 and P. putida W619 are primarily
colonized in poplar roots and have been shown to promote biomass accumulation of poplar
cuttings [8,20]. To date, there are no reports characterizing PGP bacteria from the poplar
leaf endosphere.

In this study, Pseudomonas sp. En3 was isolated from the leaf endosphere of poplar,
which can grow in the leaves of multiple plants without causing disease symptoms and
promote the growth of poplar and tomato plants. Strain En3 exhibits auxin production,
phosphate solubilization, and nitrogen fixation capabilities. Multi-locus sequence analysis
(MLSA) and genome-wide comparison revealed it as a novel Pseudomonas species. Genome
annotation analysis indicates its high potential for promoting plant growth.

2. Materials and Methods
2.1. Isolation of Endophytic Bacteria from Poplar Leaves

In July 2022, healthy leaves of Populus tomentosa within the campus of Nanjing Forestry
University in Nanjing, Jiangsu Province, China (118.82° E, 32.08° N) were collected. The
leaf discs were immersed in a 5% NaClO solution for 5 min and subsequently rinsed five
times with sterile distilled water. The surface-disinfected leaf discs were placed on LB agar
plates at 28 °C for 48 h. Bacteria observed at the periphery of the leaf discs were streaked,
and single colonies were preserved. To validate the efficacy of the sterilization procedure,
the final rinse water (100 pL) was spread onto LB agar plates and incubated under the
same conditions.

2.2. Identification of Endophytic Bacteria

Genomic DNA of endophytic bacteria was extracted using the TTANamp Bacteria
DNA Kit (Tiangen, Beijing, China). The 165 rRNA gene was amplified using primer pairs 27F
(5’-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') [21].
PCR products were purified from the gel and ligated into the pMD19-T vector (Takara, Dalian,
China) for Sanger sequencing. The obtained 165 rDNA sequences were subjected to a BLASTn
search against the NCBI rRNA database and ezBiocloud (https://www.ezbiocloud.net/,
accessed on 26 October 2023).

2.3. Plant Growth-Promoting Assays

The poplar cultivar ‘Shanxin’ (Populus davidiana x P. bolleana) was micropropagated
on half-strength Murashige and Skoog (MS) medium. Two-week-old rooted seedlings
were transplanted into pots containing nutrient soil and subsequently cultivated in a
growth chamber under controlled conditions of a 16 h light/8 h dark photoperiod at
23 °C. One week post-transplantation, the seedlings were used in plant growth-promoting
assays. Tomato plants (Solanum lycopersicum) were sowed under identical conditions in
the same growth chamber; one-week-old tomato seedlings were used for plant growth-
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promoting assays. Bacterial cells were collected from LB plates and resuspended in sterile
distilled water (OD600 = 0.5). The bacterial suspension was administered twice weekly
(30 mL per pot), while control plants received an equal volume of sterile distilled water.
The plant height (from apical meristem to the soil substrate) and fresh weight (whole
plant after washing off soil substrate and blotting out water) of the plants were measured
and recorded.

2.4. Plant Growth-Promoting Properties of Strain En3

The phosphate solubilizing activities of strain En3 were assessed by spotting 10 uL
of cultures on the top of NBRIP plates (10 g D-glucose, 5 g Caz(POy4),, 5 g MgCly-6H,O,
0.25 g MgS04-7H,0, 0.2 g KC1, 0.1 g (NH4)2SO4, 15 g agar in 1 L distilled water) [22]. The
presence or absence of a transparent halo around bacterial colonies was recorded.

To assess nitrogen-fixing ability, a 10 puL aliquot of the culture of En3 was inoculated
onto Ashby nitrogen-free agar medium (5 g glucose, 5 g mannitol, 0.1 g CaCl,-2H,0, 0.1 g
MgSO4'7H20, 5 mg NazMOO4'2H20, 0.9 ngHPO4, 0.1 g KH2P04, 0.01 g FeSO4~7H20, 5 g
CaCO3, 15 g agar in 1 L distilled water) [23].

The Salkowski method was employed to evaluate the capacity of En3 for indole-
3-acetic acid (IAA) production. Briefly, the bacteria were cultured in LB liquid medium
supplemented with 0.5 mg/mL L-tryptophan until reaching OD600 of 1.5. The supernatants
were then mixed with Salkowski reagent (1.2% FeClj in 37% H,50,) for 30 min, and the
resulting color reaction was observed [24]. Positive controls included a solution containing
50 mg/L IAA and P. syringae pv. tomato DC3000 supernatant. Furthermore, culture super-
natants from three independent experiments were subjected to high-performance liquid
chromatography and tandem mass spectrometry (HPLC-MS/MS) analysis at RaySource
Biotechnology (Nanjing, China) to determine the concentrations of IAA and IAA syn-
thesis intermediates including indole-3-acetamide (IAM), indole-3-pyruvate (IPyA), and
indole-3-acetonitrile (IAN).

2.5. Analysis of the Colonization of Strain En3 in Multiple Plants

Strain En3 colonization experiments were conducted using three-week-old tobacco
(Nicotiana benthamiana), two-week-old tomato, and two-week-old oilseed rape (Brassica
napus) plants grown in nutrient soil in growth chamber. Additionally, four-week-old
poplar ‘Shanxin’ seedlings grown on half-strength MS medium were also used. Bacterial
cells were suspended in 10 mM MgCl, and diluted to a concentration of 10° prior to
infiltration into the leaves of tobacco, tomato, and oilseed rape using a syringe. For poplar
‘Shanxin’ seedlings, the bacterial suspension with 0.015% Silwet L-77 was infiltrated under
continuous vacuum for 3 min at a pressure of 500 mmHg. Afterward, the seedlings were
dried with sterile filter paper and planted in half-strength MS medium supplemented with
100 mg/L Cefotaxime.

One spontaneous rifampicin-resistant mutant from strain En3 was used for a growth
curve assay to avoid contamination by environmental bacteria. Leaf discs were collected
at 0, 2, or 4 days post-infiltration (dpi), and homogenized in 10 mM MgCl,. The cfu/cm?
for tobacco and cfu/mg for poplar were determined by plating serial dilutions of leaf
extracts on LB plates containing 100 mg/L rifampicin. Three independent experiments
were performed [25].

2.6. Genome Sequencing, Assembling, and Annotation

The genomic DNA of strain En3 was extracted using the TTANamp Bacteria DNA Kit
(Tiangen, Beijing, China). The quality and concentration of DNA were verified on 1.5%
agarose gels and using a Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). Long-read
and short-read sequencing DNA libraries were prepared with an SQK-LSK109 ligation
kit (Oxford Nanopore Technologies (ONT), Oxford, UK) and Nextera DNA Flex Library
Prep Kit (Illumina, San Diego, CA, USA), respectively, according to the manufacturer’s
protocols. The DNA libraries were then sequenced by the Oxford Nanopore PromethION
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sequencer (ONT) with 48 h runs and the Illumina NovaSeq 6000 platform (Illumina) with
paired-end 150 bp read lengths by Benagen company (Wuhan, China). The En3 genome
was assembled using Unicycler software (Version: 0.5.0) [26] with a combination of ONT
and [llumina reads. Then, two rounds of error correction were performed on the assembly
result based on the Illumina reads using Pilon (v.1.23) [27].

The coding sequences, tRNAs, and rRNAs were predicted by Prodigal, Aragorn,
and RNAmmer in Prokka software (Version: 1.14.6) [28]. The predicted protein func-
tions were further annotated using the National Center for Biotechnology Information
(NCBI) non-redundant proteins (NR) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

2.7. Phylogenetic and Average Nucleotide Identity (ANI) Analyses

The DNA sequences of 16S rRNA, gyrB, rpoD, and rpoB genes from the representative
type strains of P. fluoresens group, P. syringae group, P. angulliseptica group, P. alcaligenes
group, P. oleovorans group, and P. putida group [29], as well as strain En3, were concatenated
and aligned. A phylogenetic tree of the multilocus alignment was constructed with the
neighbor-joining method using MEGA 7.0 [30]. The inferred phylogenies were tested by
1000 bootstrap replicates.

The average nucleotide identity (ANI) was calculated using the OrthoANIu algo-
rithm [31]. The automated multi-locus species tree (autoMLST) [32] was also used for
analyzing phylogeny and whole genome similarity.

3. Results
3.1. Isolation of Endophytic Bacteria from Poplar Leaves and Analysis of Plant
Growth-Promoting Activity

We isolated four strains of endophytic bacteria (En1-En4) with different colony mor-
phology from healthy P. tomentosa leaves through rigorous surface disinfection procedures.
The 16S rRNA genes of these strains were sequenced and compared against the NCBI
rRNA database and ezBiocloud, revealing top hits Sphingomonas sanguinis strain NBRC
139377 (99.86% identity), Sphingobium yanoikuyae strain NBRC 15102 (99.72% identity),
Pseudomonas azerbaijanorientalis strain SWRI123T (99.10% identity), and Microbacterium
testaceum strain NBRC 12675" (99.10% identity). Consequently, we designated them as
Sphingomonas sp. Enl (GenBank accession no. OR511661), Sphingobium sp. En2 (OR511660),
Pseudomonas sp. En3 (OR511655), and Microbacterium sp. En4 (OR511666) (Table 1).

Table 1. Sequence analysis of 165 rRNA of endophytic bacteria isolated from Poplar leaves.

Endophyte Top Hit (Accession No.) Li;gltl}fr(ll;;) % Identity Ac?eirsl})oa;ﬂlilo
Sphingomonas sanguinis
Enl NBRC 139377 (NR_113637) 1409 99.86 OR511661
Sphingobium yanoikuyae
En2 NBRC 151027 (NR_113730) 1409 99.72 OR511660
Pseudomonas
En3 azerbaijanorientalis 1448 99.10 OR511655

SWRI123T (CP077078)
Microbacterium testaceum
En4 NBRC 126757 1444 99.10 OR511666
(NZ_BJMLO1000022)

To assess the plant growth-promoting activity of endophytic bacteria, we continuously
irrigated transplanted poplar ‘Shanxin’ seedlings with a suspension of these four strains.
After one month of treatment, none of the four strains induced any disease symptoms in
poplar seedlings; only Pseudomonas sp. En3 exhibited a significant ability to enhance the
growth of poplar trees (p < 0.01) (Figure 1A). Compared to the control group (irrigated with
H,0), En3-irrigated poplar trees displayed a substantial increase in plant height by 54%
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and fresh weight by 87% on average (Figure 1B,C). Furthermore, tomato seedlings treated
with En3 for two weeks demonstrated remarkable growth-promoting effects (p < 0.01) in
both plant height (an average increase of 67%) and fresh weight (an average increase of
171.1%) compared to the control group (Figure 1D-F). The fact that Pseudomonas sp. En3
promotes growth in both distantly related plant species suggests the possibility of general
plant-promoting features.
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Figure 1. Plant growth-promoting activity of Pseudomonas sp. En3. (A) Morphology, (B) plant height,
and (C) fresh weight of poplar ‘Shanxin” were recorded after irrigation with an En3 suspension or
water for one month. Data shown are mean =+ SD (1 = 12; ** p < 0.01 compared with control, Student’s
t-test). (D) Morphology, (E) plant height, and (F) fresh weight of tomato were recorded after irrigation
with En3 suspension or water for two weeks. Values are means £ SD (1 = 20; ** p < 0.01 compared
with control, Student’s t-test).

3.2. Analysis of PGP Features of Pseudomonas sp. En3

Phosphorus solubilization, nitrogen fixation, and IAA production are common features
of PGP bacteria. The NBRIP medium, which incorporates insoluble Ca3(PO,); as the sole
phosphorus source, was used to evaluate the phosphorus solubilization capacity of strain
En3. Following incubation at 28 °C for 5 days, colonies of Pseudomonas sp. En3 displayed a
clear transparent halo around them, indicative of phosphorus solubilization (Figure 2A). In
addition, En3 was able to grow well on nitrogen-free Ashby medium, suggesting its ability
to fix atmospheric nitrogen (Figure 2B).

The Salkowski reagent was employed for the preliminary analysis of the capacity
of strain En3 to synthesize indole derivatives. P. syringae pv. tomato DC3000, a model
bacterial pathogen known for its ability to produce IAA, was selected as the positive
control. The strains En3 and DC3000 were cultured to an equivalent concentration with
an L-tryptophan supplement. Remarkably, both supernatants exhibited a discernible red
color upon treatment with Salkowski’s reagent; however, the supernatant of En3 displayed
a more intense shade of red. Conversely, no obvious red coloration was observed in the
supernatants of both En3 and DC3000 without L-tryptophan supplementation (Figure 2C).
These findings suggest that En3 can produce indole derivatives in a tryptophan-dependent
manner and to a greater extent than DC3000. To further resolve the indole derivatives
produced by En3 and DC3000, we employed HPLC-MS/MS analysis to examine the
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supernatant of cultures with L-tryptophan supplement (Figures S1 and S2). Tables 2 and 3
demonstrate the presence of IAA in the culture supernatant of En3 and DC3000, with
significantly higher levels observed in En3 (three biological replicates, p < 0.01), reaching a
fold increase of 2.85. Notably, IAA biosynthesis intermediates (IAM, IPyA, and IAN) were
also found at significantly higher levels in En3 compared to DC3000 (9.05-fold, 7.5-fold,
and 8.81-fold, respectively).

A

DC3000 DC3000
+Trp —Trp +Trp

Figure 2. Characterization of Pseudomonas sp. En3 PGP features. (A) Phosphorous solution zones
were observed when En3 was cultivated on NBRIP medium. (B) En3 grew on nitrogen-free Ashby
medium. The photographs (A,B) were taken on the fifth day after inoculation. (C) Indole derivatives
were detected using Salkowski reagent. LB, LB liquid medium; IAA, 50 mg/LIAA; En3 — Trp, culture
supernatant of En3 without L-tryptophan; En3 + Trp, culture supernatant of En3 supplemented
with 0.5 mg/mL L-tryptophan; DC3000—Trp, culture supernatant of DC3000 without L-tryptophan;
DC3000 + Trp, culture supernatant of DC3000 supplemented with 0.5 mg/mL L-tryptophan.

Table 2. HPLC-MS/MS analysis of indole derivatives produced by En3 in LB medium supplemented
with L-tryptophan.

Indole Derivatives IAA IAM IPyA IAN
Mass-to-charge ratio (M/Z) 176.2 > 129.8 175.0 > 130.0 202.0 > 114.9 157.1 > 130.0
Acqusion Standard 5.49 4.74 6.10 6.35
time(min) Sample 5.50 4.74 6.10 6.35

Concentration (ng/mL) ? 7.947 + 0.342 1137.607 + 21.849 1487.677 4+ 37.020 14.100 + 0.420

2 Values are average £ SD (1 = 3).

Table 3. HPLC-MS/MS analysis of indole derivatives produced by DC3000 in LB medium supple-
mented with L-tryptophan.

Indole Derivatives IAA IAM IPyA IAN
Mass-to-charge ratio (M/Z) 176.2 > 129.8 175.0 > 130.0 202.0 > 1149 157.1 > 130.0
Acqusion Standard 5.49 4.74 6.10 6.35
time(min) Sample 5.51 4.74 6.10 6.35

Concentration (ng/mL) ? 2.787 £0.214 125.743 £ 6.579 198.283 + 12.689 1.600 £ 0.249

2 Values are average £ SD (n = 3).
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3.3. Analyzing Colonization Activity of Pseudomonas sp. En3

The seedlings of poplar ‘Shanxin” and tomato showed no disease symptoms when
continuously exposed to the En3 suspension. Hence, we aimed to further investigate
whether direct infiltration of En3 into leaf tissues could induce disease symptoms and
whether En3 could reproduce in plants. The infiltration of an En3 suspension of 10° cfu/mL
was performed via vacuum infiltration into micropropagated poplar seedlings, as well as
via direct injection into leaves of tobacco, oilseed rape, and tomato. Plants were observed
for 5 days. The infiltrated areas on the leaves of different plants retained their green
coloration, while no significant changes were observed in the overall morphology of the
infiltrated poplar plants (Figure 3A-D). Subsequently, a spontaneous mutant (En38f) of En3
resistant to rifampicin was used for the analysis of bacterial populations grown in tobacco
and poplar leaves. In poplar ‘Shanxin’, the En3Rif counts of 2 dpi (3.49 log cfu/mg) and
4 dpi (4.25 log cfu/mg) samples increased by 11- and 68-fold, respectively, compared to the
En3Rif count of the 0 dpi (2.41 log cfu/mg) sample (Figure 3E). Similarly, the En3Rif counts
in tobacco increased by 5-fold at 2 dpi (2.89 cfu/cm?) and 12-fold at 4 dpi (3.23 cfu/cm?)
compared to 0 dpi (2.10 log cfu/cm?) (Figure 3F). These findings suggest that the presence
of En3 within the leaf tissue of multiple plant species does not induce disease symptoms
and exhibits a capability for proliferation. The model pathogen P. syringae pv. tomato
DC3000 is known to induce a hypersensitive response (HR) in N. benthamiana. Thus, we
separately infiltrated N. benthamiana leaves with DC3000 and En3 at concentrations of
107 cfu/mL and 10° cfu/mL, respectively. It was observed that DC3000 triggered an HR,
while En3 did not result in any symptoms (Figure S3), suggesting that the inoculation
conditions used in this study effectively supported bacterial functionality.
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Figure 3. Colonization activity of Pseudomonas sp. En3. (A-D) Phenotypes of poplar ‘Shanxin’ (A), to-
bacco (B), oilseed rape (C), and tomato (D) leaves infiltrated with 10° cfu/mL En3. Photographs were
taken on 5 dpi. (E,F) Qualification of the En3Rif population in poplar ‘Shanxin’ (E) and tobacco (F).
Different letters on the bars indicate significant differences (p < 0.05) (one-way ANOVA with three
independent experiments).
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3.4. General Features of the Pseudomonas sp. En3 Genome

Based on the trimmed Illumina (4.1 Gb) and ONT data (1.1 Gb), one circular chromo-
some of strain En3 of 5.35 Mb with 60.45% average G + C content was assembled. The
sequencing depths were 207.14 x (ONT) and 720.01 x (Illumina). No plasmid was found. A
total of 4807 protein-encoding sequences (CDSs) were predicted with an average length of
1003 bp, and this accounted for 90.1% of the total genome. In addition, the En3 genome
had 67 tRNAs, 16 rRNA genes (55, 165, and 23S), 9 genomic islands, and 3 CRISPRs. The
numbers of CDSs annotated in NR and KEGG databases were 4729 and 1746, respectively.
A total of 501 predicted proteins had signal peptides and no transmembrane structures and
were predicted to be secreted proteins (Table 4). The assembled and annotated sequences
of En3 were deposited in GenBank (accession number CP124218).

Table 4. General features of the En3 genome.

Feature Value
Genome size (bp) 5,350,973
Contig 1
GC content (%) 60.45
tRNA 67
rRNA (55, 168, 23S) 16 (6,5,5)
Protein-coding genes (CDS) 4807
Average CDS length (nt) 1003
CDS assigned to NR 4729
CDS assigned to KEGG 1746
Secreted protein 501

3.5. Phylogenetic Analysis

A BLASTN search against the NCBI rRNA database using the 16S rDNA sequence
(1347 bp) of strain En3 revealed that the top 10 hits were strains from the P. fluorescens
group (6) or the P. syringae group (4), with approximate nucleotide differences (15-17 bp,
identity > 99%). Phylogenetic analysis based on the 16S rRNA gene of representative
type strains from various Pseudomonas groups indicated that strain En3 did not closely
cluster with any known Pseudomonas species or group (Figure S4). To determine the
taxonomic position of En3 accurately, an MLSA based on concatenated 16S rRNA gene
and housekeeping genes gyrB, rpoB, and rpoD was performed. The strain En3 clustered
with P. rhizosphaerae and P. coleopterorum with a high bootstrap support (81%) in the
MLSA. Multiple taxonomic studies of the genus Pseudomonas have demonstrated that P.
rhizosphaerae and P. coleopterorum constitute a distinct branch, separate from any defined
group within the genus [4,29].

The average nucleotide identity (ANI) is widely used to determinate similarities
between the genomes and an ANI value of 95% is considered as the cutoff for the delineation
of bacterial species [33]. ANI analysis between the genome of Pseudomonas sp. En3 and that
of Pseudomonas representative type strains showed that strain En3 exhibits a high ANI value
with P. rhizosphaerae and P. coleopterorum (78.53% and 78.60%), while it has a lower value
with bacteria from other clades (<78.28%). This further supports the inferred phylogenetic
relationship based on multi-locus sequences. The ANI value between the genomes of P.
rhizosphaerae and P. coleopterorum was 90.82%, much higher than that between En3 and
P. rhizosphaerae and P. coleopterorum, indicating that strain En3 may represent a novel
orphan species. In addition, an AutoMLST analysis based on 82 concatenated sequences of
housekeeping genes from closely related genomes also supports the closest phylogenetic
relationship between strain En3 and P. coleopterorum (Figure 4). A culture of strain En3 was
deposited in the China Center for Type Culture Collection (AB 2023153).
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Figure 4. Neighbor-joining phylogenetic tree reconstruction based on the concatenated sequences of
the four housekeeping universal genes (16S rRNA, gyrB, rpoB, and rpoD). Species, representative type
strains from six Pseudomonas groups. OrthoANIu value, average nucleotide identity (ANI) based
on a comparison of the En3 genome to that of Pseudomonas strains in the tree. Group, groups of
Pseudomonas. Numbers at each node indicate the bootstrap percentage (1 = 1000). The superscript
letter “T” indicates the type strain.

3.6. Plant Growth-Promoting and Colonization Features of the Pseudomonas sp. En3 Genome

The gene annotation of En3 revealed that this bacterium possesses many genes and
operons associated with plant growth-promoting activities. The En3 strains possess iscU,
iscS, and NRT genes associated with nitrogen fixation; gItB, gltD, nirB, and nirD genes
involved in ammonia assimilation; and norR and hmp genes related to nitrite stress for
efficient nitrogen metabolism. For phosphorus metabolism, En3 has the PhoB/PhoR two-
component system that senses the phosphorus concentration and the phol and pstABCS
operons involved in phosphate transport. We also observed the presence of the ssuABCDE
operon, which is responsible for sulfonate transport, as well as the cysAWUP operon
involved in sulfate transport, and cysI and cys] genes associated with sulfite metabolism in
the En3 genome. The En3 strain harbors genes responsible for the synthesis and transport of
siderophores, including entD, bfd, bfr, tonB, exbB, exbD, and fhuE. As expected, the En3 strain
harbors trpABCDEG operons and iaaM and amiE genes implicated in IAA biosynthesis. In
addition, En3 possesses two ACC deaminases and one salicylate hydroxylase, which may
be involved in the regulation of the plant hormones ethylene and salicylic acid (Table 5).
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Table 5. Genes associated with PGP in the Pseudomonas sp. En3 genome.

PGP Activity Gene Gene Annotation Locus
iscU nitrogen fixation protein NifU and related proteins ctg 01045
Nitrogen Metabolism iscS cysteine desulfurase ctg 01044
NRT MEFS transporter, nitrate/nitrite transporter ctg_02133
gltB glutamate synthase (NADPH) large chain ctg 00450
glitD glutamate synthase (NADPH) small chain ctg_00451
nirB nitrite reductase (NADH) large subunit ctg_01700
nirD nitrite reductase (NADH) small subunit ctg 01701
norR anaerobic nitric oxide reductase transcription regulator ctg_01006
hmp nitric oxide dioxygenase ctg_01007
phoB OmpR family, phosphate regulon response regulator ctg_00055
phoR OmpR family, phosphate regulon sensor kinase ctg_00056
pholl phosphate transport system protein ctg_00061
Phosphate Metabolism pstB phosphate transport system ATP-binding protein ctg_00062
pstA phosphate transport system permease protein ctg_00063
pstC phosphate transport system permease protein ctg_00064
pstS phosphate transport system substrate-binding protein ctg_00065
ssuB sulfonate transport system ATP-binding protein ctg_00353
ssuC sulfonate transport system permease protein ctg_00352
ssuD alkanesulfonate monooxygenase ctg 00351
ssuA sulfonate transport system substrate-binding protein ctg_00350
ssuE FMN reductase ctg_00349
Sulfur metabolism cysA sulfate transport system ATP-binding protein ctg 00327
cysW sulfate transport system permease protein ctg_00326
cysU sulfate transport system permease protein ctg_00325
cysP sulfate transport system substrate-binding protein ctg 00324
cysl sulfite reductase hemoprotein beta-component ctg_02867
cys] sulfite reductase flavoprotein alpha-component ctg_01699
tonB TonB-dependent transporters ctg 00044,
ctg_00494
exbB biopolymer transport protein ctg_03795
Siderophore exbD biopolymer transport protein gfg:ggzg;l’
fhuE outer membrane receptor for ferric coprogen E:g:g%;g:
ctg_00748
entD enterobactin synthetase component D ctg_03886
bfd bacterioferritin-associated ferredoxin ctg 01441
ctg 01439,
bfr bacterioferritin ctg 04538,
ctg_00624
trpA tryptophan synthase alpha chain ctg_00189
trpB tryptophan synthase beta chain ctg_00190
trpE anthranilate synthase component I ctg 04614
trpG anthranilate synthase component I ctg_04613
trpD anthranilate phosphoribosyltransferase ctg_04612
Plant Hormones trf}C indole—S—gly}Zerolpphosphg:ce synthase ctg_04611
iaaM tryptophan 2-monooxygenase ctg_04661
ctg_02687,
amiE amidase ctg 02400,
ctg_03665
NahG salicylate hydroxylase ctg_02543
. . ctg_03709,
deyD 1-aminocyclopropane-1-carboxylate deaminase ctg_00163

As En3 can colonize multiple plant leaves, we conducted a genomic analysis of its
features involved in host—plant interaction. The genome of En3 contains chemotaxis sys-
tem genes that recognize environmental cues, including two cheABDVWY operons, one
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wspABCDEFR operon, and 32 mcp protein genes. We identified a complete set of genes
(hep, TssMLKJHGFECB, vgrG, and PAAR) encoding the type VI secretion system in the En3
genome. The En3 strain also harbors gene clusters hrpL]PVTGFDBZ and hrcVNRSTU]J,
which are responsible for the type III secretion system; however, it lacks hrpA and hrpP
encoding the needle unit and needle-length regulator, respectively. Using the Effecti-
dor prediction tool, seven type III secretion system effectors were predicted; three with
annotations—avrE, CigR, and hop] (Table S1).

4. Discussion

Pseudomonas represents one of the most diverse and ubiquitous bacterial genera among
Gram-negative bacteria [34]. It encompasses a vast array of species, with 316 validly named
species deposited in the List of Prokaryotic Names with Standing in Nomenclature (LPSN,
https:/ /lpsn.dsmz.de/genus/pseudomonas, accessed on 23 August 2023). Additionally,
the number of Pseudomonas species in the LPSN database has consistently grown, as evi-
denced by the inclusion of 76 newly reported species in 2022. The 165 rRNA gene sequence
is commonly used for the taxonomic classification of prokaryotes, although its discrimina-
tory capacity often proves limited at the species level [35]. Multi-locus sequence analysis
(MLSA), based on multiple housekeeping genes that are universal within the genus and
have high sequence divergence, is, therefore, employed to elucidate the phylogenetic
relationships among species within a given genus [36]. The commonly employed house-
keeping genes for MLSA of the Pseudomonas genus include 16S rRNA, and the rpoB, rpoD,
and gryB genes. Previous investigations have substantiated that the Pseudomonas phyloge-
netic groups defined via MLSA using these four housekeeping genes are concordant with
outcomes derived from analyses involving a larger set of 100,120 housekeeping genes and
whole-genome sequences [4].

In this study, we used the concatenated sequences of the four housekeeping genes
from Pseudomonas sp. En3 and its closely related type strains to construct a phylogenetic
tree. The type strains belonging to the P. fluorescens, P. syringae, P. putida, P. anguilliseptica,
P. oleovorans, and P. alcaligenes groups were each clustered into distinct clades with robust
bootstrap support. However, Pseudomonas sp. En3 was assigned within a distinct branch
that includes P. rhizosphaerae and P. coleopterorum, which are not affiliated with any estab-
lished Pseudomonas group. Furthermore, the results of OrthoANIu and AutoMLST based
on a genome-wide comparison also supported that En3 had the highest similarity with
P. rhizosphaerae and P. coleopterorum. The OrthoANIu value of En3 was found to be less than
78.60% when compared with all closely related Pseudomonas species, which is far below
the cutoff of 95% ANI value used for species delineation [37]. Therefore, strain En3 can be
classified as a novel Pseudomonas strain within the distinct branches of P. rhizosphaerae and
P. coleopterorum.

The recent several taxonomic studies on Pseudomonas species provide support for the
assignment of P. rhizosphaerae and P. coleopterorum as a distinct branch closely related to the
groups of P. putida, P. fluorescens, P. lutea, and P. syringae [4,29,38]. The type strain LMG
216407 of P. rhizosphaerae, isolated from the rhizospheric soil of grass growing in Spain,
has been confirmed to possess phosphate solubilizing activity [39]. The P. coleopterorum
Esc2AmT, which was isolated from the bark beetle (Hylesinus fraxini), has been found to
possess cellulase-producing activity [40]. In this study, we identified a new member of
this distinct branch from the leaf endosphere of poplar and subsequently demonstrated its
growth-promoting activity for young seedlings of both poplar and tomato.

Phosphorus is an indispensable nutrient for the growth and productivity of plants,
playing a crucial role in various vital plant functions such as photosynthesis, respiration,
and energy transfer [41]. Most phosphorus, however, exists in soil as inorganic phosphate
with a very low soluble concentration, rendering it unavailable to plants. The species
of the Pseudomonas genus have been demonstrated to possess the ability to solubilize
insoluble phosphates. Among them, P. frederiksbergensis JW-SD2 efficiently solubilizes
phosphates and significantly promotes the growth of poplar trees [42]. In this study, we
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demonstrated that Pseudomonas sp. En3 could efficiently dissolve tricalcium phosphate
in the NBRIP medium, forming a clear dissolution zone. The analysis of the genome
annotation further revealed that the En3 genome harbors a PhoB/PhoR two-component
system, which functions as a phosphorus concentration sensor, and an integral pstABCS
transporter responsible for facilitating phosphorus uptake. The speculation can be extended
to suggest that En3 possesses the ability to assimilate diverse sources of phosphorus found
in various environments.

Nitrogen is an essential element for plants, as it constitutes the fundamental compo-
nents of nucleic acids and proteins. Despite its abundance in the atmosphere as nitrogen gas
(Ny), it cannot be directly assimilated by plants [43]. Previous studies have confirmed that
certain strains belonging to the Pseudomonas genus, such as P. koreensis CY4, P. entomophila
CN11, P. protegens Pf-5 X940, and P. stutzeri A1501, possess nitrogen-fixing capabilities,
which can enhance plant nutrient uptake and growth [44-46]. The growth of Pseudomonas
sp. En3 on nitrogen-free Ashby medium suggests its capacity for atmospheric nitrogen
fixation. Furthermore, genome annotation analysis revealed that En3 encodes iscU and
iscS, which are thought to be involved in the assembly of [Fe-S] clusters of nitrogenase and
are essential for nitrogen fixation [47]. The En3 genome also encodes multiple proteins
involved in nitrogen metabolism, such as nirBD, which facilitates the conversion of nitrite to
ammonia, and gltBD and hmp, which play a role in responding to nitrogen starvation [48].
The results obtained from genomic annotation and growth experiments provide support
for the ability of the poplar endophytic bacterium En3 to solubilize phosphorus and fix
nitrogen, indicating its potential as a biofertilizer for enhancing nutrient assimilation in
forest and crop systems.

In this study, we discovered that strain En3 can enhance plant growth and colonize
leaf tissues of various plants without inducing symptoms. The IAA produced by En3
may contribute to these two abilities. The major natural auxin of plants, IAA, is a crucial
regulator of cell division, expansion, and differentiation, exerting significant influence on
plant growth and development. Several PGP bacteria promote plant growth by producing
IAA, for example, impairing the IAA synthesis of P. putida GR12-2 can diminish its capacity
to enhance plant root growth [49]. On the other hand, IAA plays a pivotal role in mediat-
ing plant-microbe interactions. IAA can attenuate the salicylic acid-dependent immune
response of plants and facilitate the colonization of certain biotrophic/hemi-biotrophic
pathogens [50]. For instance, the disruption of the indole-3-acetaldehyde dehydrogenase
genes resulted in impaired synthesis of IAA in P. syringae DC3000, leading to the reduced
growth of DC3000 in Arabidopsis thaliana and the upregulation of the defense gene PR1 [51].

The HPLC-MS/MS analysis in this study confirmed that strain En3 exhibited a signifi-
cantly higher IAA production (2.85-fold) compared to DC3000 cultured under identical
conditions, indicating that the concentration of IAA produced by En3 was sufficient to
exert an inhibitory effect on the plant immune response. We also found that the levels of
IA A biosynthesis intermediates (IAM, IPyA, and IAN) were significantly higher (>7.5-fold)
in En3 compared to DC3000. In fact, the exogenous application of IAA intermediates can
also elicit morphological alterations in plants; however, it remains unclear whether these
alterations are attributable to the intermediates themselves or to IAA converted from these
intermediates. For example, IAM treatment can induce Arabidopsis phenotypes resembling
those of auxin overproduction mutants [52]. Therefore, the high levels of IAA and IAA
intermediates in strain En3 may contribute to its plant growth-promoting activity.

Additionally, En3 harbors the genes encoding salicylate hydroxylase (NahG) and 1-
aminocyclopropane-1-carboxylate (ACC) deaminases, which directly degrade salicylic acid
and hydrolyze ethylene’s precursor ACC, respectively. These genes may contribute to the
asymptomatic colonization of En3 by regulating plant defense hormones. The En3 harbors
components of the type Il secretion system in its cytoplasm, inner membrane, periplasm,
and outer membrane; however, it lacks the essential needle structure. This suggests that
En3 may not possess the ability to inject effectors into plant cells but could potentially
secrete effectors into the apoplast of plants to facilitate colonization. The type VI secretion
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system of bacteria can deliver effectors into prokaryotic or eukaryotic cells, potentially
facilitating manipulation of the host plant or competition with other microorganisms [53].
The investigation of whether the type VI secretion system of En3 possesses such functions
warrants further exploration.

5. Conclusions

We isolated an endophytic bacterium, Pseudomonas sp. En3, from the leaf endosphere
of poplar. Molecular phylogenetic and whole genome comparison analyses confirmed
that strain En3 is a novel species in the genus Pseudomonas, distinct from any previously
defined Pseudomonas groups. The strain En3 could significantly promote the growth of
poplar and tomato and propagate in a variety of plant tissues without causing disease
symptoms. The strain En3 exhibited significant growth-promoting activity on both poplar
and tomato seedlings and demonstrated the ability to colonize the leaf tissue of multiple
plants without inducing disease symptoms. We conducted experimental validation to
confirm the capabilities of En3 in phosphorus solubilization, nitrogen fixation, and IAA
production. The analysis of the genome annotation of En3 unveiled a series of crucial genes
and pathways associated with promoting plant growth. These findings provide support
for the potential use of the En3 strain as a biofertilizer for various crops and trees.
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Abstract: Gaining a deep understanding of how climate change affects the carbon cycle in dryland
vegetation is of utmost importance, as it plays a pivotal role in shaping the overall carbon cycle in
global ecosystems. It is currently not clear how plant communities at varying elevations in arid
mountainous regions will respond to climate change in terms of their productivity. The aim of this
study was to investigate the effect of climate change on vegetation productivity in different altitudinal
vegetation belts of the Tianshan Mountains between 2000 and 2021, utilizing satellite-derived vegeta-
tion productivity and climate data. The findings suggest a notable increase in vegetation productivity
across diverse altitudinal vegetation belts. The productivity of vegetation in the coniferous forest
and alpine meadow belts displayed a notably higher interannual trend compared to other vegetation
belts. Notably, an increase in vegetation productivity was accompanied by warming and drying. The
productivity of altitudinal vegetation belts, however, appears to be resilient to current climate trends
and was not significantly impacted by the severity of atmospheric drought. The trend of increased
vegetation productivity was primarily driven by CO; fertilization. Our results highlight that the
extent of climate change may need to reach a threshold to noticeably affect variations in vegetation
productivity in arid mountainous.

Keywords: atmospheric drought; CO, fertilization; mountain ecosystem; vegetation carbon flux;
global warming hiatus

1. Introduction

The investigation of carbon sinks in terrestrial ecosystems holds significant scientific
value in the efforts to mitigate global anthropogenic warming. The primary objective of the
United Nations Paris Agreement is to limit the increase in global average temperature to
below 2.0 °C above preindustrial levels and pursue efforts to limit the increase to 1.5 °C
in order to tackle the adverse impacts of climate change [1,2]. Because of the importance
of fossil fuel energy use in economic development in some countries, reducing fossil fuel
energy use plays a limited role in achieving this core objective [3]. Vegetation and soil
carbon pools absorb carbon dioxide from the atmosphere; the amount absorbed annually
is equivalent to 20-30% of the carbon dioxide emitted by humans [4]. This indicates the
significant contribution of terrestrial ecosystems to the global carbon cycle [5]. Terrestrial
ecosystems include vegetation and soil carbon pools [6]. All vegetation communities
can fix approximately 120 Pg C from the atmosphere annually, and this carbon exchange
is highly sensitive to climate change [7,8]. Gross primary productivity (GPP) and net
primary productivity (NPP) are commonly employed metrics for assessing the magnitude
and variability of vegetation productivity [9,10]. GPP represents the overall quantity of
carbon that vegetation captures from the atmosphere through carbon assimilation, while
NPP represents GPP minus the portion consumed by plant respiration, which forms plant
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biomass [11-13]. Quantitative analysis of changes in GPP and NPP in different plant
communities can improve the understanding of the feedback of terrestrial ecosystem
carbon cycles to current climate change.

There is evident spatial heterogeneity in both the distribution and variability of vege-
tation productivity. Biotic and abiotic factors have an impact on the spatial distribution
of both NPP and GPP [14]. Forests and grasslands have remarkably higher carbon pools
than shrubs and wetlands [15]. Globally, GPP and NPP decrease with an increase in soil
nutrients [16]. Temperature, water availability, and solar radiation determine the merid-
ional distributions of GPP and NPP [17], and those at low elevations are dependent on the
carbon use efficiency; however, GPP and NPP at high elevations are mainly limited by tem-
perature and humidity [18]. In addition to the spatial distribution, changes in vegetation
productivity are regulated by several environmental factors. Meta-analyses have shown
that warming had a positive effect on GPP in global grasslands and that carbon fluxes
increased more in boreal region grasslands than in temperate and subarid grasslands [7,19].
At the regional scale, changes in vegetation productivity of different ecosystems on the
Tibetan Plateau are mainly influenced by carbon dioxide (CO,) concentration, temperature,
and moisture; however, the main drivers of such changes are controversial [20-23]. Notably,
warming and drying reduce the availability of soil moisture in arid regions, weakening
vegetation productivity. Therefore, warming may negatively affect the GPP and NPP in
arid regions [24-26].

The trend in vegetation productivity demonstrates inconsistent patterns both on a
global and regional scale. During the period from 1982 to 2015, there was an increase in
GPP across tropical rainforests, with the exception of the Congo rainforest [17]. Among
them, the Amazon rainforest displayed a higher magnitude of increase. Additionally,
GPP demonstrated an upward trend in North America and eastern China. Conversely, it
decreased in the western mountain ranges of the United States, the Australian deserts, and
western Central Asia. The variances in global GPP trends can be attributed to changes in
temperature and humidity, which serve as the primary influencing factors. There has also
been attention devoted to studying changes in montane vegetation productivity. From 1982
to 2019, the NPP of mountain vegetation in Yunnan Province, China, exhibited an overall
increasing trend [27]. Among them, mountain forests demonstrated higher rates of increase.
However, during the period from 2000 to 2012, the NPP in the Qilian Mountains, situated
in the arid zone of China, experienced a decreasing trend primarily due to atmospheric
drought [28]. On the Tibetan Plateau, the NPP of desert grassland and alpine grassland
displayed an upward trend between 2001 and 2017, while deciduous broad-leaved forests
experienced a decrease [29]. Additionally, severe drought in the years 2000 to 2010 led to
reduced NPP in fir forests in the mountains of southern China [30].

Given their status as critical global biodiversity hotspots, mountain vegetation in
arid zones is highly responsive to climate change [31,32]. Similarly, arid regions are
sensitive and vulnerable to global change, and warming leads to remarkable changes in
vegetation productivity [33]. Studying and identifying the changes and factors influencing
vegetation productivity in arid mountainous areas can enhance our understanding of
the crucial role that vegetation plays in the global carbon cycle within arid regions. The
Tianshan Mountains, situated within the arid region of Central Asia, not only provide
important ecosystem services for the surrounding plains but also serve as important carbon
pools [34]. Relatively few studies have been conducted on vegetation productivity in the
Tianshan Mountains, and several research findings indicate that changes in vegetation
productivity in this area are closely related to air temperature, precipitation, and CO,
fertilization [35,36]. Significantly, since the 1980s, the Tianshan Mountains have exhibited
trends of warming and increased precipitation, and the wetting trend has an obvious
elevation dependence [37]. Additionally, relatively complete altitudinal vegetation belts
have developed in the Tianshan Mountains [38]. Nevertheless, there is currently a lack
of comprehensive research on how climate change affects the productivity of various
vegetation belts in the Tianshan Mountains.
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To fill this knowledge gap, we used remote sensing data of ecosystem productivity
(GPP and NPP) to investigate changes in productivity at different vegetation belts in
the Tianshan Mountains over the 21st century and attempted to analyze the potential
drivers of this trend. Based on these analyses, we aimed to determine (1) whether there is a
consistent response to climate change among the productivity of different vegetation belts at
different elevations and (2) whether warming and increased precipitation or warming and
decreased precipitation are the primary factors responsible for the interannual variation in
primary productivity among different vegetation belts at various altitudes in the Tianshan
Mountains. In summary, our study offers novel insights into how mountain vegetation in
arid regions responds to climate change and contributes to a deeper understanding of the
role of arid mountain regions in the global vegetation carbon cycle.

2. Materials and Methods
2.1. Study Area

The Tianshan Mountains are the largest mountain range in the arid region of Central
Asia, stretching across China, Kazakhstan, Kyrgyzstan, and Uzbekistan in an east-west
direction (Figure 1a). Xinjiang, China, is home to sixty percent of the Tianshan Mountains.
The Tianshan Mountains exhibit a temperate continental climate, with an average annual
precipitation range of 27.4 to 673.2 mm (1990-2020) and average annual temperatures vary-
ing from —15.4 to 14.1 °C. The higher relative elevation ranges (—154 to 7439 m) have led
to the formation of a relatively complete altitudinal vegetation belt in the Tianshan Moun-
tains [39]. Ref. [40] provided clarification on the average elevation range and composition
of altitudinal vegetation belts within the Tianshan Mountains (Figure 1b). The climatic
characteristics of vegetation belts at high elevations (>1500 m) are characterized by warm
and humid conditions, and those at low elevations (<1500 m) are characterized by warm
and dry conditions (Figure 1b). Land cover data from the Tianshan Mountains indicate
that the natural vegetation types mainly include forests (tree cover), grasslands, and sparse
vegetation (Figure 1c). Grasslands and sparse vegetation have the largest distribution, and
both have an area proportion of more than 40% (Figure 1c). Although only comprising
3.4% of the total area, forests serve an important role as carbon sinks.

2.2. Climate Data

Our previous research has shown a strong agreement between climate observatory
data and reanalysis data (i.e., ERA5-Land and TerraClimate) from the Tianshan Mountains
throughout the entire time series [41]. ERA5-Land is a comprehensive global climate
reanalysis dataset designed for global and regional climate change studies. It offers a wide
range of climate variables and boasts a spatial resolution of 0.1° x 0.1° (approximately
9 km) and a temporal resolution ranging from months to hours [42]. In this study, we
used monthly temperatures from the dataset (https://cds.climate.copernicus.eu/cdsapp,
accessed on 8 May 2023) to calculate the average growing season (i.e., May to September)
and obtain growing season temperatures (MAT) each year in the Tianshan Mountains for
the years 2000-2021. TerraClimate is a hydrological, climatic dataset that provides high-
resolution coverage worldwide. The resolution it provides is 4 km spatially and 1 month
temporally [43]. VPD, commonly used as a measure of atmospheric drought, is defined as
the disparity between saturation vapor pressure and actual vapor pressure [44]. We utilized
monthly precipitation and vapor pressure deficit (VPD) (https:/ /www.climatologylab.org/
terraclimate.html, accessed on 14 May 2023) data to calculate the sum of growing season
precipitation (PRE) and the average of growing season VPD in the Tianshan Mountains
throughout the study period.
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Figure 1. Composition and distribution of major vegetation types in the Tianshan Mountains. (a) Spa-
tial distribution of land cover. (b) Composition and climatic characteristics (average annual precipita-
tion and temperature) of altitudinal vegetation belts. (c) Percentage of area of major vegetation types.
Land cover data were obtained from ESA WorldCover open access (https://worldcover2021.esa.int/,
accessed on 3 May 2023).

2.3. Atmospheric CO;, Concentration

Since the global distribution of atmospheric CO; is heterogeneous in time and space
(e.g., seasonal and latitudinal differences) [45,46], it is essential to employ atmospheric
CO, measurements from regional atmospheric background stations. This allows for a
comprehensive examination of the effects of CO, concentration variations on regional
vegetation carbon fluxes. The Mt. Waliguan (WLG) station is located in Qinghai Province,
China, which belongs to the hinterland of the Eurasian continent, with geographic coor-
dinates of 36.29° N, 100.89° E, and an altitude of 3810 m above sea level, and it is one of
the observational background stations of the World Meteorological Organization’s Global
Atmospheric Observations project. The WLG station is far from areas of intensive human
activity and has a predominantly semi-arid steppe vegetation type [47]. The Tianshan
Mountains, situated in the hinterland of the Eurasian continent, are also relatively less
impacted by human activities. Therefore, it is reliable to use the CO, concentration (ppm)
measured by the WLG station to analyze the effects on carbon fluxes in the Tianshan
Mountains. Here, we used monthly scale CO, concentrations to perform growing sea-
son averaging to obtain growing season CO; concentration data over the study epoch
(https:/ /community.wmo.int/en/activity-areas/gaw, accessed on 20 May 2023).
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2.4. Land Cover Data

A global annual land cover map, which utilizes imagery from Sentinel-1 and Sentinel-2
satellites, was created by the ESA WorldCover team (https://worldcover2021.esa.int/,
accessed on 1 June 2023). This land cover map has a spatial resolution of 10 m, contains 11
categories, and has an overall classification accuracy of 77% [48]. The higher classification
accuracy ensures the reliability of extracting the range of altitudinal vegetation belts. In
this study, we reclassified the ESA WorldCover data (version 2021) based on the average
elevation range of each altitudinal vegetation belt (Table 1). Based on this process, the
geographical boundaries of each altitudinal vegetation belt were extracted. The detailed
spatial distribution pattern and reclassification information are presented in Figure 2 and
Table 1.

Table 1. Reclassification information of major vegetation types based on ESA WorldCover data.

WorldCover Categories Reclassification Categories .
- - — - Elevation Ranges (m) Abbreviations
Main Vegetation Types Altitudinal Vegetation Belts
Sparse vegetation Cushion vegetation 3200-3600 Ccv
P & Desert steppe <1100 DS
Grassland Alpine meadow 2800-3200 AM
rassian Montane steppe 1100-1550 MS
Tree cover Coniferous forest 1550-2800 CF

Note: The specific elevational range of each altitudinal vegetation belt was obtained from the results of [40]. This
range represents the optimal elevation for the distribution of each vegetation type.

75.?°E 80.’O°E 85.IO°E 90.|0°E
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Cushion vegetation
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Figure 2. Spatial patterns of vegetation belts at different altitudes.

2.5. Elevation Data (DEM)

The DEMs derived from the Space Shuttle Radar Topography Mission (SRTM) have
been extensively utilized as supplementary data in studies related to climatology, ecology,
and geomorphology [49]. SRTM DEMs have a spatial resolution of 90 m, an average
elevation error of 16 m, and cover 80% of the global area. We used SRTM DEMs (version 4)
to acquire the spatial extent of different altitudinal vegetation belts (https://srtm.csi.cgiar.
org/, accessed on 5 June 2023).

2.6. Primary Productivity

Vegetation productivity data (GPP and NPP) were obtained free of charge from the
MODIS satellite image-derived MOD17A2H-based product. MOD17A2H version 06 offers
GPP and NPP at 500 m spatial resolution and intervals of 8 days [50]. We preprocessed
the NPP and GPP raster files by reprojecting them using the Google Earth Engine (the
new coordinate system is World Geodetic System 1984). MOD17A2H also includes a
Psn_QC band that provides quality information for GPP and NPP in the designated area.
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By utilizing this band, we can effectively filter and acquire high-quality GPP and NPP
data where the Psn_QC value is equal to 0. We summed all the GPP and NPP raster data
separately for each growing season from 2000 to 2021. Finally, the growing season GPP
(gCm~2yr~!)and NPP (g C m~2 yr~!) for 22 years were obtained using the study area
masking process.

The accuracy of MODIS-derived GPP from different biomes has been validated using
800 eddy covariance flux tower GPPs (FLUXNET GPP) worldwide. The validation results
show good agreement between MODIS-derived GPP and FLUXNET GPP, with spatial
and temporal variations [51]. In other words, MODIS GPP and NPP are reliable data to
investigate temporal variations in vegetation productivity in diverse altitudinal vegetation
belts in the Tianshan Mountains.

2.7. Statistical Analyses

We used the Shapiro-Wilk test to perform normality tests for all climate variables and
vegetation productivity data. We found that all the variables were normally distributed.
Simple linear regression involves modeling the relationship between two variables, namely
the independent and dependent variables [52]. It is utilized to approximate the dependent
variable through the use of the best-fit line. Simple linear regression was employed to
assess interannual trends (slope (k)) in climate (i.e., MAT, PRE, and VPD) and vegetation
productivity (GPP and NPP). The linear regression equation can be represented by the
following formula:

y="b+kx (1)

where y represents the dependent variable, which refers to the climatic variables and
vegetation productivity chosen for this study. x represents the time period from 2000 to
2021. k and b represent the slope and intercept of the fitted curve, respectively. A positive
slope denotes an upward trend in the time series data, while a negative slope indicates a
downward trend. The absolute value of the slope indicates the magnitude of the trend per
unit of time.

The Mann-Kendall test was utilized to assess the statistical significance of inter-annual
trends in both the climate and vegetation productivity data. In this study, the Python third-
party package “pymannkendall” was employed to calculate the p-value for the slope and
perform the significance test. The pymannkendall is a Python package used for conducting
the Mann-Kendall trend test, a widely adopted method for detecting trends in time series
data and assessing the statistical significance of those trends. Using this Python package,
we analyzed the spatial distribution of interannual temperature and precipitation trends in
the Tianshan Mountains (see Figure 3). Additionally, we calculated the regional average
climate trends across various altitudinal vegetation belts (see Figure 4).

Pearson’s correlation coefficients were utilized to ascertain the correlation between
climatic variables and vegetation productivity. We utilized OriginPro software (version
2023b, OriginLab Corp., Northampton, MA, USA) for the calculation of correlation coeffi-
cients and conducted a two-tailed significance test to assess the statistical significance of
the correlation coefficients.
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Figure 3. Climate tendency in the Tianshan Mountains from 2000 to 2021. (a) Interannual tendencies
of MAT (°C yrfl) and (b) PRE (mm yrfl) in the Tianshan Mountains. Areas marked with black dots
indicate statistically significant trends at the 95% confidence level.
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Figure 4. Average MAT (°C decade™!) and PRE (mm decade ') trends across different altitudinal
vegetation belts. The meaning of the abbreviation for each vegetation belt is shown in Table 1. The
significance test was not passed by the MAT and PRE trends for all altitudinal vegetation belts
(p > 0.05).

3. Results
3.1. Tendency of the Climate in the Tianshan Mountains

Tianshan Mountains showed warming and drying. Here, we analyzed the MAT
and PRE trends in different altitudinal vegetation belts from 2000 to 2021. During the
study period, the Tianshan Mountains experienced slight warming (Figure 3a). Only the
northwestern part of the Tianshan Mountains experiences significant warming, accounting
for a mere 9.4% of the entire area. The MAT trend ranged from —0.2 to 0.7 °C decade ™!, and
the average MAT trend was 0.2 °C decade!. Further, PRE decreased slightly (Figure 3b).
Only certain regions in the western section of the Tianshan Mountains exhibit noteworthy
aridity. The precipitation trend ranged from —42.2 to 49.6 mm decade !, with an average
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trend of —0.2 mm decade ~!. The region experiencing a notable decrease in PRE covers just
6.5% of the total area.

The MAT and PRE trends in different altitudinal vegetation belts were consistent.
Although divergent altitudinal vegetation belts showed slight warming (p > 0.05), the
warming trends varied: they were higher in the lower elevation vegetation belts (i.e.,
DS and MS) than in the higher elevation belts (i.e., CF and CV) (Figure 4). Despite the
minimal disparity in warming magnitude among all vegetation belts, the lower-elevation
vegetation belts exhibit a slightly higher warming trend compared to their higher-elevation
counterparts. Moreover, precipitation has slightly decreased across all altitudinal vegetation
belts: MS and CF had the largest drying trend (—16.33 and —9.26 mm decade!), and CV
and DS had the smallest (below 0.7 mm decade™1).

Over the course of the study period, there was no significant trend in the VPD among
various vegetation belts at different altitudes. Based on Figure 5, slightly increasing trends
in VPD were observed across all altitudinal vegetation belts. Among them, DS and MS
exhibited a higher rate of increase compared to other vegetation belts. However, AM did
not show obvious inter-annual variation in VPD. It is important to note that the VPD trends
in all vegetation belts did not meet the criteria for statistical significance.

DS MS ——CF AM Ccv
2.0

1.8

1.6 —

1.4 -

1.2 H

VPD (hPa)

1.0 H

0.8

0.6 —

0.4

2000 2005 2010 2015 2020 2025
Year

Figure 5. Mean VPD of different altitudinal vegetation belts during the growing season. Gray dashed
lines are linear trend lines.

3.2. GPP Tendency in the Altitudinal Vegetation Belts Observed by Satellite

The GPP trend in the Tianshan Mountains showed remarkable spatial heterogeneity.
The GPP trend ranged from —46.0 to 46.8 ¢ C m~2 yr~! and had an average trend of
1.7gCm 2 yr! (p <0.05) (Figure 6a). Notably, 15.1% of the regions experienced a decrease
in GPP, and 84.9% experienced an increase in GPP (Figure 6a). Of these, the GPP trend is
predominantly concentrated between 0 and 5 g C m~2 yr~!, accounting for 75.5% of the
total area. In the western part of the Tianshan Mountains (i.e., Ili River valley), where the
GPP mainly decreased, all other areas showed an increase. To summarize, there was an
overall increasing trend in the GPP of the Tianshan Mountains.
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Figure 6. Temporal trend in GPP during the growing season from 2000 to 2021. (a) Spatial patterns
of GPP trends (unit is g C m~2 yr~!) during the growing season in the Tianshan Mountains. The
area surrounded by the solid black line is the study area; the gray region is the non-vegetated area.
The black dots represent statistically significant trends at the 0.05 level. (b) Interannual variability
in regional mean GPP (y-axis unit is g C m~2 yr~!) in lower elevation altitudinal vegetation belts.
(c) Interannual variability in regional mean GPP (y-axis unit is g C m 2 yrfl) in higher elevation
altitudinal vegetation belts.

GPP increased in different altitudinal vegetation belts from 2000 to 2021. Specifically,
in the lower elevation altitudinal vegetation belts, DS GPP exhibited a significant increase
(p < 0.001) with a regional average trend of 0.17 g C m~2 yr~! (Figure 6b). Neverthe-
less, although MS GPP showed a higher rate of increase, this trend was not significant
(p > 0.05). GPP demonstrated a significant increase (p < 0.05) across all altitudinal vegetation
belts at higher elevations (Figure 6c). CF and AM showed higher rates of increase, with an
approximate regional average tendency of 1.8 g C m~2 yr~!. The regional average tendency
of CV was 0.5 g C m~2 yr~!. Overall, the tendency of increasing GPP was higher in the
higher elevation vegetation belts than in the lower elevation vegetation belts.

3.3. NPP Tendency in the Altitudinal Vegetation Belts Observed by Satellite

The spatial pattern of NPP trends exhibited similarity to the trends observed in GPP.
The trend of NPP in the Tianshan Mountains ranged from —32.9 to 40.5 g C m~2 yr~!, with
a regional average trend of 1.4 g C m~2 yr~! (p < 0.05) (Figure 7a). Similarly, lower NPP
trends were observed in the western region of the study area. In contrast, the other regions
showed an increase in NPP. Altogether, NPP increased in over 86.7% of the study area and
decreased in over 13.3% of the study area. In which, the NPP trend is primarily concentrated
between 0 and 5 g C m~2 yr~!, representing 80.9% of the total area. The average NPP trend
during the study epoch indicates that vegetation in the Tianshan Mountains acts as an
important carbon sink.
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Figure 7. Spatial and temporal variations in growing season NPP from 2000 to 2021. (a) Spatial
patterns of NPP trends (unit is g C m~2 yr~!) during the study epoch in the Tianshan Mountains. The
interpretation of the black dots in the figure remains consistent with that in Figure 6. (b) Interannual
variability in regional mean GPP (y-axis unit is g C m~2 yr~1) in lower elevation altitudinal vegetation
belts. (c) Interannual variability in regional mean GPP (y-axis unitis g C m~2 yr~!) in higher elevation
altitudinal vegetation belts.

Except for that of MS, NPP in the other altitudinal vegetation belts increased consider-
ably from 2000 to 2021. The annual growing season trends of NPP in DS and MS were 0.1
and 0.7 g C m~2 yr~!, respectively; however, only the NPP trend in DS passed the 0.001
significance level (Figure 7b). CF and AM also had higher rates of increase in NPP, with
regional average trends of 1.8 and 1.7 g C m~2 yr~!, respectively (Figure 7c). Although the
rate of increase in NPP in the CV group was less than that in the CF and AM groups, the
trend was significant (p < 0.001). In general, altitudinal vegetation belts in the Tianshan
Mountains act as carbon sinks, and the middle vegetation belts show higher carbon sink
capacities than the lowest and highest belts due to denser vegetation cover.

3.4. The Impact of Current Climate Patterns

The effect of MAT on GPP variation in different vegetation belts was weak. The
variations in GPP across different vegetation belts exhibited a positive correlation with
temperature (Figure 8a). The correlation coefficients (0.42 and 0.39) of CF, AM, and MAT
were higher relative to the other altitudinal vegetation belts (i.e., DS, MS, and CV), and the
magnitude of the correlation coefficients between other altitudinal vegetation belts and
MAT were similar (approximately 0.30). However, the GPP variation and MAT were not
significantly correlated (p > 0.05). Similarly, GPP variations in all altitudinal vegetation
belts were positively correlated with PRE (Figure 8a), but the extent to which precipita-
tion affected GPP varied across altitudinal vegetation belts. Specifically, the interannual
variability in GPP for the DS and MS was more sensitive to PRE variability (r = 0.55, 0.8;
p < 0.01, 0.001, respectively). The impact of the PRE on interannual GPP variability in
other altitudinal vegetation belts was not significant (p > 0.05). In general, the interannual
variation in GPP in altitudinal vegetation belts exhibited positive effects from temperature
and precipitation.
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Figure 8. Correlation matrix plot of climatic variables and growing season vegetation productivity.
(a) Correlation coefficients of GPP and climate variables for different altitudinal vegetation belts.
(b) As in panel (a), but for NPP. Asterisks indicate that the correlation passed the significance test:
p<0.05% p<0.01**,p<0.001 ***.

Interannual variations in NPP in the different altitudinal vegetation belts were also
not sensitive to MAT. The correlation coefficients between NPP and MAT in the altitudinal
vegetation belt ranged from 0.28 to 0.40; however, the correlation was not significant
(p > 0.05) (Figure 8b). PRE also had a positive effect on NPP variability in all altitudinal
vegetation belts. Of these, there was a significant positive correlation between the changes
in NPP in the DS and MS and PRE (r = 0.54, 0.75; p < 0.01, 0.001), whereas those in other
altitudinal vegetation belts were weakly positively correlated with the PRE. The findings
indicate that the impact of PRE was felt more strongly in the vegetation carbon sinks in
lower-elevation altitudinal belts from 2000 to 2021.

3.5. The Correlation between Changes in Vegetation Productivity and CO, Concentrations

All vegetation belts, except for MS, displayed significant correlations between changes
in vegetation productivity and CO, concentrations. For both GPP and NPP, there was
a significant positive correlation (with correlation coefficients exceeding 0.6, p < 0.01)
between interannual changes in DS and CO, concentrations. Additionally, for vegetation
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belts at higher elevations, interannual changes in GPP and NPP were also significantly
and positively correlated with CO, concentrations (p < 0.01), with CV displaying higher
correlation coefficients (r = 0.75, p < 0.001). Interestingly, there was no significant correlation
observed between changes in vegetation productivity at MS and CO, concentrations.

4. Discussion
4.1. Universality and Uniqueness of Vegetation Productivity Variations in the Tianshan
Mountains

To comprehend carbon exchange between vegetated ecosystems and the atmosphere,
it is crucial to monitor variations in vegetation productivity (GPP and NPP) in diverse plant
communities and geographic scales [8]. The average global GPP increased remarkably
from 2000 to 2019, dominated by warming and CO, fertilization [53]. However, vegetation
productivity increased considerably in only 6.2% of the grassland areas and 7.3% of the
evergreen broadleaf forest areas worldwide [9]. Few studies have analyzed changes in
vegetation productivity by considering mountains as separate geographical units. From
2000 to 2016, warming dominated the increase in NPP in the high-elevation zone of the
Hengduan Mountain region (subtropical monsoon climate); however, drying resulted in a
decrease in NPP in the river valley region [54]. This indicates an elevational difference in
the direction of vegetation productivity changes in the mountains. The Qilian Mountains
(temperate continental climate) have shown decreasing trends in NPP and GPP since 2000,
and the cooling trend led to a decrease in NPP after 2010 [55]. Collectively, these studies
indicate that temperature is a crucial factor contributing to the alterations observed in
vegetation productivity on both global and regional levels.

Our findings indicate a notable rise in GPP and NPP within the Tianshan Mountains,
which aligns with global patterns. In addition, our results were in line with global and
regional studies demonstrating that climate factors had positive impacts on GPP and NPP
across various altitudinal vegetation belts. While our findings were consistent with the
literature, we identified certain unique responses of various altitudinal vegetation belts in
the Tianshan Mountains to climate change. We concluded that temperature and precip-
itation did not dominate the increase in GPP and NPP during the study period, as they
did not change significantly (see Section 3.1); however, vegetation productivity increased
significantly, suggesting that the contributions of temperature and precipitation were weak.
Furthermore, although the temperature was positively correlated with vegetation pro-
ductivity, the correlations were not significant (p > 0.05), which supports our conclusion.
Although the GPP and NPP of DS and MS were significantly positively correlated with pre-
cipitation, the insignificant change in precipitation only affected the interannual fluctuation.
Thus, we posit that GPP and NPP in different altitudinal vegetation belts are insensitive to
current climate trends.

4.2. Why Vegetation Productivity Changes Are Insensitive to Temperature and Precipitation

The sensitivity of variations in vegetation productivity to warming diminished during
the warming hiatus period. Temperature affects plant photosynthesis by influencing the
rate of enzyme-catalyzed reactions [56]. Warming is expected to enhance the photosynthetic
rate of vegetation and, thus, the net ecosystem carbon exchange [57]. In addition, the warm-
ing generally extends the duration of the growing season through advancements in plant
leaf coloring or prolonged leaf drop, thereby enhancing vegetation productivity [20,58].
In general, warming has a positive impact on vegetation productivity. Notably, the rate
of global warming did not increase remarkably from 1998 to 2012 (i.e., warming hiatus)
because of the decrease in latent heat released from the surface to the atmosphere [59].
Nonetheless, the global atmospheric CO, concentration increased continuously during this
period [60]. Despite the increasing trend (1982-2012) in global gross primary productivity
(GPP), satellite observations showed a decrease of 87.2% in the rate of warming hiatus
compared to the warming period (1982-1998). Furthermore, the correlation between GPP
and temperature showed a decrease in sensitivity, shifting from a significant correlation
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during the warming period to an insignificant correlation during the warming hiatus [61].
Based on these findings, it can be strongly inferred that the positive impact of tempera-
ture on vegetation productivity diminished notably during the period of warming hiatus.
Our results showed that although the rate of warming in different altitudinal vegeta-
tion belts remained high (0.27-0.32 °C decade!), the warming trend was not significant
(p > 0.05). Similar to the relationship between global GPP and temperature, the non-
significant increase in temperature since 2000 has led to a limited contribution of warming
to vegetation productivity.

Decreased precipitation in the Tianshan Mountains did not negatively affect vegetation
productivity. Leaf stomata are important channels of photosynthesis, respiration, and
transpiration in plants [62]. During severe drought, plants reduce stomatal conductance to
mitigate water loss [63]. The partial closure of plant leaf stomata attenuates the evaporative
cooling effect, leading to plant death by heat stress, and reduces the photosynthetic rate and,
consequently, plant carbon flux [64]. In general, severe droughts negatively affect vegetation
productivity. In arid regions, VPD and soil moisture are considered the limiting factors
affecting vegetation growth [65]. Global and regional studies have shown that increased
VPD offsets or attenuates the positive effects of warming and CO; fertilization on vegetation
productivity [65,66]. Our results revealed warming and precipitation reduction trends in the
altitudinal vegetation belts, which may enhance atmospheric drought and negatively affect
vegetation productivity. However, the VPD trends in the different altitudinal vegetation
belts showed a slightly increasing trend (p > 0.05) from 2000 to 2021 (Figure 5), suggesting
that the decrease in precipitation did not obviously affect the GPP and NPP trends. Further,
the non-significant changes in growing season precipitation (Figure 4) suggest a limited
role of precipitation in the GPP and NPP trends.

4.3. Factors Dominating the Tendency of Growing Vegetation Productivity in Altitudinal
Vegetation Belts

Elevated CO; concentration can lead to increased productivity in vegetation. Solar
radiation mainly regulates vegetation productivity changes in humid areas (higher cloud
cover and water vapor content) [67]. Hence, the influence of solar radiation on the interan-
nual trends of vegetation productivity in the altitudinal vegetation belts is not a topic that
will be discussed. The consumption of fossil energy sources increases the concentration of
atmospheric CO,, which contributes to global warming while stimulating photosynthesis
in plants (CO, fertilization) [68]. In general, CO, fertilization plays a significant role in
augmenting the capacity of vegetation to absorb CO,. Existing literature has demonstrated
that CO, fertilization stimulates vegetative growth and facilitates the accumulation of
biomass [68]. Therefore, we further investigated the sensitivity of vegetation productivity
in altitudinal vegetation belts to changes in CO, during the growing season. GPP and
NPP variations were significantly and positively correlated with CO, concentrations in all
altitudinal vegetation belts, except for MS (Figure 9a,b). In which the GPP and NPP of CV
were more sensitive than those of other areas to changes in CO, concentration. MS was
not sensitive to changes in CO, concentration because there were no significant changes in
GPP or NPP (Figures 6b and 7b). In summary, we conclude that CO; fertilization played a
more important role than precipitation and temperature in determining the interannual
trends of vegetation productivity across altitudinal vegetation belts in the study period.
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Figure 9. Correlation between vegetation productivity and CO, concentration (ppm) in this time
series. (a) Correlation coefficients between GPP in altitudinal vegetation belts and CO, concentration
for 2000-2021. (b) As in panel (a), but for NPP.

4.4. Limitations and Significance

The climate reanalysis dataset is a gridded dataset that refers to satellite and observa-
tional data and is created through data assimilation methods [69]. Nevertheless, 79.2% of
the meteorological stations in the Tianshan Mountains are located below 2000 m above sea
level [37], which indicates that the reanalysis data perform poorly in high mountainous
areas. Therefore, there may be some uncertainty when using reanalysis data to investigate
climate trends in higher-elevation altitudinal vegetation belts. In future research, we aim to
enhance the reliability of climate trend analysis in the alpine vegetation belts by using en-
semble averaging of multiple reanalysis datasets. Human activity has also driven changes
in vegetation productivity [17], and the primary human activity in the Tianshan Mountains
range is grazing. Therefore, additional research is required to assess the impact of grazing
activities on vegetation productivity in grassland belts.

The soil organic carbon pool constitutes the most extensive carbon reservoir within
terrestrial ecosystems; therefore, small variations in its storage may cause obvious fluctua-
tions in atmospheric CO, concentrations [70]. Plant carbon input (NPP) is the main source
of soil organic carbon [71], and an increase in plant carbon input can enhance its content
and stock [72]. Our results showed that NPP increased significantly in all vegetation belts
except MS, enhancing soil carbon sink capacity. Moreover, the vegetation belts situated at
higher elevations tended to exhibit higher NPP, thereby enhancing their soil organic carbon
content. In conclusion, increased NPP improved plant and soil carbon sequestration in the
Tianshan Mountains.

5. Conclusions

Based on satellite-derived vegetation productivity (GPP and NPP) and climate vari-
ables, we examined changes in vegetation productivity and responses to current (2000-2021)
climate trends in the Tianshan Mountains. The outcomes of our study demonstrate that
the altitudinal vegetation belts in the Tianshan Mountains exhibited a slight warming
and drying trend over the studied period of 2000-2021. The warming trends in different
altitudinal vegetation belts ranged from 0.27 to 0.32 °C decade™!, and precipitation trends
ranged from —16.33 to —0.77 mm decade!. Vegetation productivity increased signifi-
cantly in all altitudinal vegetation belts except MS, and the rate of increase was greatest
(> 1.6 gCm 2 yr!)in CF and AM. The altitudinal vegetation belts exhibited a positive
correlation between climate factors and both GPP and NPP. However, climatic factors did
not dominate the trend of increasing vegetative productivity. Notably, warming and drying
did not lead to a significant increase in the VPD, further suggesting that the role of climatic
factors in vegetation productivity was weak. We conclude that the sustained rise in global
CO; concentrations has dominated the significant increase in vegetation productivity in
the altitudinal vegetation belts.
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Abstract: Jatropha curcas is widely planted as a highly drought-resistant biodiesel feedstock. Curcin
protein is one of the Jatropha ribosomal inactivation proteins with broad-spectrum antifungal activity
that may enter the soil ecosystem as a result of large-scale Jatropha cultivation and affect fungi and
various enzymatic activities in the soil. In this research, the influence of curcin protein and Jatropha
planting on soil fungi was investigated, and the levels of curcin in various tissues and organs of
Jatropha were measured with an enzyme-linked immunosorbent assay. It was found that the content
of curcin in seed kernels reaches 2 mg/g, which is much higher than that in other tissues. After the
seeds have fallen into the soil, the level of curcin in the soil rises rapidly, reaching 59.22 ug/g soil
and 67.49 ug/g soil in different soil samples, respectively. It then falls by more than 99% within six
days. High-throughput sequencing technology was used to study the soils treated with different
concentrations of curcin, and the results of the soil fungal alpha diversity index analysis showed that
the fungal communities did not change significantly, but the abundance of each fungal community
changed significantly. The degree of influence of different concentrations of curcin treatment on the
abundance of the soil dominant fungal community were investigated for concentrations of 0.5 ug/g,
50 ug/g and 5 pg/g, and showed that concentrations of 0.5 pug/g and 50 pug/g are more likely to
change fungal community structure in soil, and with the increasing extension of the treatment time,
they may be detrimental to the conservation of soil ecosystems. Internal transcribed spacer (ITS)
sequencing of soil fungi from Jatropha planted and unplanted areas in four regions with different
climate types showed that Jatropha planting significantly altered the soil fungal communities in
each region. There was a negative impact on soil fungal communities in tropical maritime monsoon
and subtropical dry and hot monsoon climates, while a positive impact was observed in subtropical
monsoon and tropical highland monsoon climates due to Jatropha cultivation. In conclusion, Jatropha
plantations and curcin protein have an impact on soil fungi and thereby affect the ecological system
of the soil.

Keywords: Jatropha curcas; ribosome-inactivating proteins; curcin; soil enzyme activities; soil fungi

1. Introduction

Soil is the most biologically diverse and the most active energy-exchanging and
material-cycling layer of life in the surface system of the Earth, with the capacity to sustain
plants and animals, maintain and improve water and air quality and support healthy
human life. Soil fungi convert much of the decaying organic matter into plant-available
nutrients through humification and mineralization. Fungi make up the major part of the
microbial biomass and are most versatile in decomposing organic residues. They transform
a larger portion of decaying plant residue into available nutrients. For instance, mycor-
rhizal fungi accelerate leaf litter decomposition in a northern hardwood forest [1]. They
also increased plant uptake of nutrients such as nitrogen, phosphorus and potassium by
influencing plant’s root morphology and physiological characteristics, such as mycorrhizal
fungi [2,3]. However, there are also many fungi that are causal agents of plant diseases.

Forests 2023, 14, 2088. https:/ /doi.org/10.3390/£14102088 220 https://www.mdpi.com/journal/forests



Forests 2023, 14, 2088

Fungi pose a significant threat to both plant and animal biodiversity [4]. The richness
of fungal decomposers was consistently and positively associated with ecosystem sta-
bility worldwide, while the opposite pattern was found for the richness of fungal plant
pathogens, particularly in grasslands [5]. The relative stability of the structure of the soil
fungal community therefore largely determines the balance of the soil ecosystem.

Plant growth had an important influence on changes in the populations of inter-rooted
microorganisms, and any change in the composition or quantity of root secretions had the
possibility to affect the soil microbiota [6-8]. For example, root exudates from slow- and
fast-growing Arabidopsis thaliana plants have distinct effects on both microbial community
structure and soil nutrients available to plants [9]. Even after harvest, the decomposition of
plant litter continued to release new gene products into the environment [10], potentially
changing the inter-root environment for long periods of time and thus having many effects
on the soil environment. For example, Araujo et al. have showed a significant reduction in
soil microbial biomass following the conversion of native savannah to eucalyptus forest [11].
The transgenic cotton line (25C-1) was significantly enriched in two beneficial bacteria,
Arthrobacter and Sphingomonas, after continuous cultivation, which had a positive impact
on the soil ecology [12]. The study by Kumar et al. investigated that changing land
use (natural woodland, rotational cropland, and cropland) had significant effects on soil
microbial biomass, with natural woodland having more biomass, cropland having medium
biomass, and rotational cropland having less biomass [13]. This suggests that land use
change can have a considerable impact on the soil microbial community.

Ribosome inactivating proteins (RIPs) are a group of active proteins widely found
in plants and fungi that can disrupt ribosome structure, leading to ribosome inactivation
and inhibition of protein biosynthesis [14-16]. Many studies have shown that RIPs have a
variety of biological activities, such as antiviral, insecticidal, immunological and antifungal
activities [17-20].

Jatropha curcas, a small, semi-fleshy tree or large shrub of the family Euphorbia, has
been widely planted in tropical and subtropical regions for its high drought and barren
tolerance as a biodiesel feedstock [21]. By 2012, China had approximately 200,000 hectares
of Jatropha resources (including natural forests) [22]. There is a type I ribosome-inactivating
protein curcin in Jatropha [23], which not only strongly inhibits protein synthesis in
cell-free systems, but also has an inhibitory effect on plant pathogenic fungi at certain
concentrations [24], such as Saccharomyces cerevisiae, Rhizoctonia solani, Pyricularia oryzae,
Gibberella zeae and Sclerotinia sclerotiorum [24].

The Jatropha ribosomal inactivation protein curcin may enter the soil ecosystem
through plant debris, seeds, pollen and root secretions because of large-scale cultivation
of Jatropha and affect non-target organisms, fungi and various enzymatic activities in the
soil, thus affecting soil ecological diversity and stability. The study aimed to examine the
diverse impacts of Jatropha plantations and curcin on soil ecosystems.

2. Materials and Methods
2.1. Soil for Curcin Protein In Vitro Treatment Experiments

The experimental soil was collected from an oilseed rape field in Jinjiang District,
Chengdu, Sichuan Province (longitude: 30°34'44" E, latitude: 104°9'25"” N, altitude:
503 m), with a sample area of 23 m? and a maximum temperature of 16 °C and a mini-
mum temperature of 12 °C on a cloudy day. The local area belongs to the subtropical
monsoon climate zone, with hot and rainy summers and warm and humid winters. The
average annual temperature is 16.6 °C, sunshine 1156.7 h and rainfall 966.9 mm. A total
of 2 kg soil samples were taken from the surface layer at a depth of 1-15 cm via isometric
sampling. Surface vegetation was removed, fresh soil was sieved to 2 mm and the soil
was mixed thoroughly.
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2.2. Sample Collection of Jatropha Cultivation Areas

As Jatropha is a tropical plant, the soils from Jatropha plantations and non-plantation
areas were collected in four different tropical or subtropical climate regions, Jinhexiang,
Sichuan Province (longitude: 101°42’ E; latitude: 27°06’ N, elevation: 2500 m), Xichang,
Sichuan Province (longitude: 101°57’ E, latitude: 27°42" N, elevation: 2000 m), Yuanmou,
Yunnan Province (longitude: 101°49’ E; latitude: 25°50" N, elevation: 1312 m) and Haikou,
Hainan Province (longitude: 109°75' E; latitude: 19°88’ N, elevation: 126 m). Among them,
Jinhexiang belongs to the subtropical monsoon climate; Xichang belongs to the tropical
highland monsoon climate; Yuanmou belongs to the subtropical dry and hot monsoon
climate and Haikou belongs to the tropical maritime monsoon climate. Approximately
1 kg of fresh soil was collected at a depth of 1-20 cm using the five-point sampling method,
mixed and passed through a 2 mm sieve after removing dead branches and leaves on the
surface, and soil samples were taken in triplicate for a total of 24 samples.

2.3. Curcin Treatment Soil Experiment

Based on our previous studies [25] and research on the antifungal activity of curcin
in vitro, three concentrations of 0.5 nug/g, 5 ng/g and 50 pug/g were prepared. 20 g of soil
was weighed into 100 mL sterilized triangular flasks, 1 mL each of 10 pg/mL, 100 pg/mL
and 1000 pg/mL protein solution was pipetted into the triangular flasks with the same
volume of ddH20 as the blank control, a total of four groups of three replicates each, stirred
well with a sterilized glass rod and the triangular flasks were sealed with a triangular flask
sealing film with air holes. The sealed triangular flasks were incubated in the dark at 25 °C
in an artificial climate incubator with humidity adjusted to 60% and samples were collected
on the 1st, 3rd, 7th and 12th days after incubation.

2.4. DNA Extraction and Sequencing

A total of 48 samples were taken from soils treated with different concentrations of
curcin protein, and a total of 18 samples were collected from soils in different climate regions
with Jatropha plantation and non-plantation areas. The methods used to collect the samples
are identical to those outlined in Section 2.2. The DNA of samples were extracted using
the MP Biomedical Fast DNA soil sample extraction kit (Mobio Laboratories, Carlsbad,
CA, USA) according to its instructions, and the samples were tested and then sent to
BGI Genomics for ITS sequencing of the fungi. Raw data were spliced using FLASH
(version 1.2.11) software, low quality data were filtered using Trimmomatic (version 0.33)
software and chimeras were removed using UCHIME (version 8.1) software. Sequences
were clustered using USEARCH (version 10.0). The OTU sequences were compared with
the Unite Release 7.2 database using RDP classifier (version 2.2) software and species
annotation was performed to cluster the samples.

2.5. Determination Method of Enzyme Activity

Soil sucrase enzyme activity was determined with a colorimetric method using
3,5-dinitrosalicylic acid [26]. Soil acid phosphatase activity was determined with a colori-
metric method using disodium phenyl phosphate [27]. Soil urease activity was determined
with the sodium phenol-sodium hypochlorite colorimetric method [28]. Soil catalase
activity was determined with the potassium permanganate colorimetric method [27].

2.6. Determination of the Degradation Rate of the Jatropha Ribosome Inactivation Protein Curcin
in Soil

Due to the high content of curcin in the seed kernel of Jatropha and its value for use
in transgenic plants, the dynamics of its accumulation and degradation in the soil is an
important indicator of its bioenvironmental risk. In order to simulate the degradation
process of Jatropha seed kernels in the soil in a natural environment, soils from Jinhexiang,
Sichuan Province (where Jatropha actually grows) and Lvyangcun, Chengdu, Sichuan
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Province (where Jatropha does not grow, but with fertile soil and rich in microorganisms)
were selected for comparison.

(1) Soil from Jinhexiang and Lvyangcun was taken and passed through a 20 mesh sieve.

(2) A total of 0.1 g of Jatropha seeds ground into powder with liquid nitrogen was
added to 0.5 g of soil; 0.4 mL of distilled water was added, mixed with a pellet pestle
(RS-Sigma) for 5 s, centrifuged at 3000 rpm for 30 s at room temperature, and the
supernatant was aspirated to obtain a homogeneous mixture of soil, seeds and water.
Twenty-one replicates were performed for the soil at each site (set of seven time points,
three replicates per set).

(3) EP tubes were placed in a thermostat, maintained at 30 °C and 80% relative humidity
and incubated in the dark. Samples were taken on days 0, 6, 12, 18, 24, 30 and 36 of
degradation and three replicates were taken at each time point.

(4) Soil curcin protein was extracted and ELISA assays were performed.

2.7. Data Analysis and Processing

Diversity indices were mainly calculated using the R package Vegan (https://cran.
r-project.org/package=vegan, accessed on 15 June 2023), and data processing, statistical
analysis and graph plotting were performed in SPSS526, R (v4.2.0) and GraphPad Prism 8.0.1.

3. Results
3.1. Degradation of Curcin Protein in Soil and the Effect on Enzyme Activities
3.1.1. Possible Pathways of Curcin into the Soil and Its Degradation Dynamics in the Soil

The endosperm of Jatropha seeds is relatively rich in curcin protein [29], but other
parts, such as the leaves, may also contain curcin. In order to investigate the possible
pathways for curcin to enter the soil, five Jatropha trees were randomly selected from the
Jatropha planting area and 100 g each of seeds, green leaves and roots were collected during
the fruiting period, and 100 g each of dried and fallen Jatropha fruits and yellow leaves
were collected from the plantation. The results showed that the content of curcin in seed
kernels was up to 2 mg/g tissue, 13 ug/g in green leaves, 15 ug/g in yellow leaves, 2 ug/g
in the fruit peel and 3 pg/g in roots, and the content of curcin in seed kernels was much
higher than that in leaves, roots and pericarp (Figure 1A). It is therefore suggested that
curcin enters the soil mainly through the seed kernel, in addition to being secreted by the
root system, and may affect the balance of soil ecosystems.
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Figure 1. Possible sources of curcin in soils and its degradation dynamics. (A) Contents of
curcin in different tissues of Jatropha and (B) Degradation trends of curcin in soil from Jinhexiang
and Lvyangcun.
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3.1.2. Degradation Dynamics of Curcin Protein in the Soil

In order to determine the amount of curcin in the soil around Jatropha in its natural
growing state, the inter-root soil and the growing soil were collected at three different
locations, three replicates of each location, ground to a fine powder, extracted curcin and
assayed with monoclonal antibody indirect enzyme-linked immunosorbent assay (ELISA).
Curcin was found to be below the minimum detection limit of the method in both inter-root
soil and growing soil. The reason for this is thought to be that when seeds, leaves, fruits and
other tissues enter the soil, curcin is rapidly degraded by biological factors (e.g., bacteria,
fungi, etc.) or adsorbed by the soil.

Protein can combine with soil particles, increasing retention time. Some research has
shown that clay minerals, humic acid and organic mineral aggregates in soil can adsorb Bt
toxin and retain it, and the bound toxin still retains insecticidal activity, which has varying
degrees of influence on soil organisms and soil enzymes [30-32]. Different masses of curcin
were added to the soil, and the carrying capacity of the soil for curcin was determined
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
Blot. When the addition of curcin was less than 40 mg curcin/g soil, there was no curcin
band in the supernatant, which indicated that curcin was completely adsorbed by the
soil; when the addition of curcin reached 40 mg curcin/g soil, the curcin band appeared
in the supernatant, i.e., the adsorption of curcin by the soil reached saturation, and the
non-adsorbed part was free in the supernatant, which indicated that the carrying capacity
of the soil for curcin is about 40 mg/g soil. Therefore, there is a high likelihood of curcin
retention in areas where Jatropha curcas is cultivated and in the inter-root soils where curcin
was not detected.

In order to simulate the degradation process of seed kernels in the soil in a natural
environment, the initial results of curcin were 59.22 ug/g soil and 67.49 pg/g soil after
adding a mixture of Jatropha seed kernels to soils sampled from Jinhexiang and Lvyangcun,
respectively, and after entering the soil, the content of curcin would decrease by more than
99% to less than 0.6 ug/g soil within six days and stabilize after 12 days, with curcin levels
remaining at 0.4 pug/g soil in the Jinhexiang soil and around 0.3 pg/g soil in the Lvyangcun
soil at a much faster degradation rate (Figure 1B). Therefore, the litter of the Jatropha plant,
such as its seeds, can release curcin protein into the soil when it enters the soil and remain
in the soil for a period of time.

3.1.3. Effect of Curcin on Soil Enzyme Activities

Soil enzymes were involved in almost all biochemical reactions in the soil, and their
activity was closely related to soil properties, soil type and environmental conditions,
characterizing the vigor of material metabolism in the soil. At the same time, soil enzymes
influenced soil microbial populations and community structure, and were widely used as
important indicators for assessing soil quality and soil biological activity [33,34].

To investigate the effect of curcin protein on soil enzyme activities after soil incorpora-
tion, the effect of curcin on soil sucrase, acid phosphatase, urease and catalase activities,
respectively, was measured. In general, from the experimental results, curcin had a greater
effect on soil sucrase and urease activities, showing a trend of promotion, then inhibition
and finally promotion on sucrase and total inhibition on urease, while the effects on acid
phosphatase and catalase were not obvious (Figure 2).

We hypothesize that curcin proteins are able to enter the soil through the Jatropha
litter and remain there for a certain period of time, potentially resulting in a modified soil
environment through the impact on soil fungi and enzyme activity.

3.2. Effect of Curcin Protein on Soil Fungi
3.2.1. Soil Fungi ITS Sequencing Quality Assessment Results

The soils treated with different concentrations of curcin protein and DNA in soils from
different regions of Jatropha plantation and non-plantation areas were extracted for ITS
sequencing of the fungus, and the OTU coverage ranged from 99.89% to 100%, and the
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values indicated the probability of species detection. The OTU coverage of 24 samples
from soils of Jatropha planting and non-planting areas in different regions was greater than
99.5%, and the rest of the indicators also met the criteria. The dilution curves of the two

groups of samples tended to be flat, indicating that the sample sequences were adequate.

In conclusion, the quality of the sequencing data is satisfactory and can be used for the next
data analysis.
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Figure 2. Effect of different concentrations of curcin on activities of enzymes in soil. (A) sucrase,
(B) acid phosphatase, (C) urease and (D) catalase. CK, untreated soil sample that was used as
the control.

3.2.2. Effect of Different Concentrations of Curcin Treatment on Soil Fungal Diversity

To explore the effect of curcin protein on soil fungi, soils were treated with different
concentrations of curcin in vitro and fungal diversity indices were examined. The soil
samples with 0.5 pg/g of curcin showed a significant increase in fungal abundance in the
soil and no significant change in diversity at the early stage of treatment, and a significant
decrease in fungal abundance and a significant increase in diversity at the late stage of
treatment. A concentration of 5 nug/g of curcin in soil samples resulted in a significant
increase in soil fungal abundance at the early stage and no significant change in the late
stage. A concentration of 50 ug/g of curcin in soil samples showed an overall trend of
increase in the OUT number of soil fungi after treatment; the Chaol index increased in the
early stage of treatment and showed no significant change in the late stage; the Shannon
index showed an overall decreasing trend (Table 1). In general, different concentrations
of curcin protein treatment caused different changes in the abundance and diversity of
soil fungi, with 50 pg/g soil curcin having a more significant effect on soil fungi in the
early stage, 0.5 pug/g soil curcin having a significant effect in the later stage, and 5 ug/g
soil curcin having a relatively small effect on soil fungi. Concentrations of 0.5 pg/g and
50 pg/g are more likely to change fungal community structure in the soil, and with an
increasing extension of the treatment time, they may be detrimental to the conservation of
soil ecosystems.
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Table 1. Alpha diversity index of soil fungi treated with curcin at different concentrations.

Day Treatment OTU Chaol ACE Shannon Simpson
CK 183.5+05f 221.14+154d 2848 +2.6¢ 4214+0.01bc  0.031 £0.000b
1 C0.5 277.0 £3.07bc 3037 £11.3b 298.0 £13.7b 428 +0.05bc  0.030 £0.004b
C5 3000+0.1b 3262 +42b 3211+64b 4.47 +0.01 ab 0.028 & 0.00 b
C50 275.5 £ 3.5bc 302.7 £0.3b 289.8 4.0 bc 3.574+0.01d 0.08+0.01a
CK 2295+ 3.5de 268.5+25¢ 2844 +10.0c 432+ 0.06b 0.021 £ 0.003 b
3 C0.5 2115+ 05e 313.8 £23b 479.7 £ 9.7 a 4444+0.02ab  0.021 +0.001 b
C5 263.0 £ 4.0 cd 2614+ 12.6¢ 2654 +145¢ 447 +0.01 ab 0.023 £ 0.00 b
C50 2355+ 4.5de 302.7 £03b 2756 £83¢ 4.06 +0.08 c 0.06 & 0.02 ab
CK 236.0 = 12 de 2481 +151cd 2576+ 188c 3.96 + 0.08 ¢ 0.034 £ 0.001 b
o C0.5 2740+ 10.0c 2685+ 15¢ 2922 4+132bc 437 +0.08ab  0.024 +0.001 b
C5 2935 +20.5bc  297.6 £23.6 bc 2548 £38.7 ¢ 456 +0.08a 0.024 £ 0.00 b
C50 2405+ 45d 244.0 £ 6.0 cd 2414+41c 4.07 £ 0.00 c 0.039 £ 0.01 ab
CK 4630+ 1.0a 4898+ 19a 4888+ 19a 3.56+0.005de  0.08 £0.002a
19 C0.5 236.5 £ 3.5de 2243 +13.8d 2441+79c¢ 4.08 = 0.005 ¢ 0.03 £ 0.001 b
C5 4755+ 185a 508.0+£20.1a 501.8 £22.8a 3.60+025d 0.077 £0.05a
C50 469.0+3.0a 5080+51a 5013+ 09a 3.33+001e 0.08 +0.00 a

Note: Any difference between groups with the same marker letter is not significant, any difference with different
marker letters is significant; C0.5: 0.5 pg/g curcin treatment, C5: 5 ug/g curcin treatment, C50: 50 pg/g curcin
treatment and CK: control treatment.

3.2.3. Effect of Different Concentrations of Curcin Treatment on the Composition of Soil
Fungal Communities

The sequencing results showed that Ascomycota was the dominant fungal phylum in
the soils collected for this study, accounting for about 70% of the abundance. Penicillium and
Kazachstania were the most abundant dominant fungal genera, Mortierella and Purpureocillium
were the dominant fungal genera, Aspergillus, Thermoascus, Metacordyceps, Rhizopus and
Solicoccozyma were the next dominant fungal genera (Figure 3).

After treating the soil with 0.5 ug/g of curcin, the overall abundance of the dominant
fungal genus decreased in the first day treatment group and increased in the remaining
three treatment groups. Soil dominant fungal genera showed similar trends in the first and
third day treatment groups: the abundance of Kazachstania increased and the abundance
of Penicillium and Mortierella decreased significantly; the abundance of soil dominant
fungal genera showed the opposite trend in the seventh day treatment group; on the
12th day, a new dominant fungal genus Saccharomyces appeared and the abundance of
Kazachstania increased, while the abundance of the remaining dominant fungal genera
decreased (Figure 3).

After treatment of the soil with 5 ug/g of curcin, the total abundance of the dominant
fungal phylum decreased only in the treatment group on the seventh day, but the change
in the dominant fungal phylum was not significant in the treatment group in the remain-
ing time periods; the overall abundance of the dominant fungal genus decreased in the
treatment groups in different time periods, and the abundance of the genus Kazachstania
increased and the genus Penicillium decreased in the treatment groups on the 1st and 12th
day; there was no significant change in the abundance of the dominant fungal genus in the
third day treatment group and in the seventh day treatment group, the abundance of the
genus Kazachstania decreased and the abundance of the genera Penicillium and Mortierella
increased (Figure 3).

After treatment of the soil with 50 ug/g of curcin, the overall abundance of both the
dominant fungal phylum and the dominant fungal genus in the soil showed an increasing
trend. The abundance of Ascomycota in the dominant fungal phylum increased signif-
icantly, but the abundance of Basidiomycota decreased significantly; the abundance of
Penicillium in the dominant fungal genus showed a significant increase (Figure 3).
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Figure 3. Composition of fungal communities treated with different concentrations of curcin. (A-D):
1 day, 3 days, 7 days and 12 days (phylum level); (E-H): 1 day, 3 days, 7 days and 12 days (genus
level). C0.5: 0.5 ug/g curcin treatment, C5: 5 ug/g curcin treatment, C50: 50 pg/g curcin treatment
and CK: control treatment.
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3.2.4. Indicator Groups of Soil Fungal Communities Treated with Different Concentrations
of Curcin

The different samples at each concentration were divided into four groups according
to treatment duration and the fungal communities from phylum to genus in the samples
were identified with LEfSe (Line Discriminant Analysis (LDA) Effect Size) analysis and the
indicator groups detected in the CK and different concentrations of curcin treatment groups
were presented with branching plots (Figure 4A,C,E,G); at the same time, histograms
(Figure 4B,D,E H) showed the communities that play an important role in fungal diversity
(LDA score > 3). After one day of treatment, only the 0.5 ug/g soil curcin and 5 ug/g soil
curcin treatment groups had significantly different fungal communities, whereas after 7
and 12 days, significantly changed fungal communities, i.e., indicator groups, were present
in all four treatment groups at all concentrations.

Fungal indicator groups were more abundant in the 12th day’s samples than in the
other three groups with significant changes in the 0.5 ng/g soil curcin treatment group for
the genera Kazachstania, Aspergillus, Thermoascus and Saccharomyces as indicator groups; in
the 5 pg/g soil curcin treatment group, the abundance of fungi varied less, with only two
indicator groups: Fusarium and Papiliotrema; in the 50 ng/g soil curcin treatment group, the
indicator groups were Penicillium, Gymnopilus and Beauveria. Among them, Kazachstania,
Aspergillus, Saccharomyces and Penicillium were the dominant fungal genera. It was found
that the effect of 50 pug/g soil curcin on the dominant soil fungal genera increased with
increasing treatment duration. After 12 days of treatment, the 5 ng/g soil curcin treatment
had less effect on the soil fungal community than the 0.5 pg/g soil and 50 pg/g soil
curcin treatments.

The effects of different concentrations of curcin treatments on soil fungal communi-
ties were all different, with the 0.5 ug/g and 5 ug/g soil curcin treatment groups having
significantly different fungal communities, while the 50 nug/g soil curcin treatment group
had the most significant change in fungal communities. It was also found that the effect
of 50 ng/g soil curcin on dominant soil fungi increased with increasing treatment time.
These results can contribute to a better understanding of the effects of curcin on soil
microbial diversity and provide theoretical support for biological control in agricultural
production.

3.3. Analysis of Soil Fungal Communities in Jatropha Planting and Non-Planting Areas in
Different Climatic Regions

3.3.1. Comparison of Soil Fungal Diversity in Jatropha Planting and Non-Planting Areas in
Different Climatic Regions

The ITS sequences of fungi from 24 soil samples collected from different regions
were sequenced, and the results showed that the OTU coverage of soil samples from all
regions was greater than 99.5%. The abundance and diversity of soil fungi in the soil
samples from the planting areas of the tropical maritime monsoon climate (Haikou) and
the subtropical dry and hot monsoon climate (Yuanmou) were lower than those from
the non-planting areas, but the differences were not obvious. Unlike other localities
where the abundance and diversity of fungi in soil samples from planting area and
non-planting areas were consistent, the abundance of fungi in soil samples from the
tropical highland monsoon climate (Xichang) showed that the non-planting area was
greater than the planting area, and the diversity of fungi showed that the planting area
was greater than the non-planting area. Noteworthy, the abundance and diversity of
soil fungi in the soil samples from the subtropical monsoon climate plantation area
(Jinhexiang) were significantly higher than those from the non-plantation area (Figure 5).
Jatropha cultivation affects soil fungal communities, with varying trends observed in
areas with different climate types.
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Figure 4. Phylogenetic distribution of soil fungal communities and linear discriminant analysis.
Phylogenetic distribution of soil fungal communities at 1 day (A), 3 days (C), 7 days (E) and 12 days (G)
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for four different treatments. Linear discriminant analysis was used to derive the associated fungal
communities scoring > 3 in the four different treatment groups on 1 day (B), 3 days (D), 7 days (F) and
12 days (H). Nodes of different colors represent each fungal community that had a significant effect
on inter-taxon variation, yellow nodes had a non-significant effect, and node diameters represent the
abundance of the community. ¢, o, f and g indicate class, order, family and genus, respectively; C0.5:
0.5 nug/g soil curcin treatment, C5: 5 ug/g soil curcin treatment, C50: 50 ug/g soil curcin treatment
and CK: control treatment.
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Figure 5. Alpha diversity of soil fungal in different areas. (A) Chaol, (B) ACE, (C) Shannon and
(D) Simpson. HN: Haikou, Hainan planting area; HNN: Haikou, Hainan non-planting area; XC:
Xichang planting area; XCN: Xichang non-planting area; JHX: Jinhexiang planting area; JHXN:

Jinhexiang non-planting area; YN: Yuanmou, Yunnan planting area and YNN: Yuanmou, Yunnan
non-planting area. Note: **: p < 0.001. *: p < 0.05.

3.3.2. Soil Fungal Community Composition in Jatropha Planting and Non-Planting Areas
in Different Climatic Regions

Soil fungal sequencing results from a total of 24 samples from different locations
showed that at the phylum level, the abundance of Ascomycota (51.76%-94.20%) was
absolutely dominant in different soil samples, and it was more abundant in non-plantation
areas than in plantation areas in the tropical maritime monsoon climate (Hainan), tropical
highland monsoon climate (Xichang) and subtropical monsoon climate (Jinhexiang), while
in the subtropical dry and hot monsoon climate (Yunnan) soil samples it showed higher
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abundance in planting areas than that in non-planting areas. The abundance of Ascomycota,
Basidiomycota and Chytridiomycota found among in the tropical maritime monsoon
climate (Hainan) planting area (59.21%, 14.27% and 0.16%) versus the non-planting area
(81.60%, 3.25% and 1.75%), in the tropical highland monsoon climate (Xichang) planting
area (51.76%, 6.67% and 0.74%) versus the non-planting area (72.19%, 23.27% and 0.25%),
in the subtropical monsoon climate (Jinhexiang) planting area (80.52%, 7.19% and 0.56%)
versus non-planting area (94.20%, 2.30% and 0.10%), and in the subtropical dry and hot
monsoon climate (Yunnan) planting area (75.98%, 9.34% and 0.25%) versus non-planting
area (60.33%, 26.56% and 4.59%) varied considerably (Figure 6A). At the genus level, the
dominant fungal genera with higher abundance in the different soil samples differed and
the composition of the fungal communities varied considerably. The fungal genera with
the highest abundance in the planting and non-planting areas differed in soil samples
from all areas except Jinhexiang (Figure 6B). The large differences in the dominant fungal
phylum and dominant fungal genus between planting and non-planting areas suggested
that Jatropha planting had a large impact on the dominant fungal community in the soil.
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Figure 6. Composition, phylogenetic distribution and linear discriminant analysis of soil fungal
communities in Jatropha planting and non-planting areas. Composition of soil fungal communities
at different locations on (A) phylum level and (B) genus level. (C) Phylogenetic distribution of soil
fungal communities in the two different treatments. (D) Associated fungal communities scoring >2
in the two treatment groups were derived using linear discriminant analysis.
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Analysis of the significance of differences between groups revealed species that were
only significantly different at the genus level when the LDA value = 2, and were mainly
found in samples from all planting areas, including Schizothecium, Arnium, Ilyonectria,
Clitopilus and Pseudophialophora, while only one species, Paraconiothyruim, was significantly
different between the different non-planting area samples (Figure 6C,D). More species
changed significantly in abundance in planting areas than that in non-planting areas,
suggesting that Jatropha planting had a great impact on soil fungal composition.

4. Discussion
4.1. Retention and Degradation of Curcin Protein in Soil

Ribosomal inactivating proteins act as antifungal proteins; their broad-spectrum
antifungal properties have great potential for agricultural pest and disease control [35].
Curcin is valuable for applying in transgenic plants because of its fungal resistance, and
curcin has been demonstrated to be biologically active in both cell-free and whole animal
systems [29]. There are no relevant studies on the retention and degradation dynamics
of curcin proteins in soil. Saxena [36] and Stotzky [32,37] found that Bt toxins released
into the soil by transgenic Bt plants and soil Bt bacteria are rapidly adsorbed by soil
particles and humic acid to form bound Bt toxins that are difficult for microorganisms to
degrade and thus remain biologically active for a longer period of time, and compete with
other substances (i.e., heavy metal) in the environment for adsorption sites on mineral
surfaces [38,39]. We hypothesized that curcin proteins and BT toxins may share similar
degradation mechanisms.

Experimental results have shown that after Jatropha seeds are incorporated into
the soil, the level of curcin is reduced by more than 99% within a short period of time.
Curcin levels in soil are not always at extremely low levels and it is possible that after
seeds, leaves, fruits and other tissues are introduced into the soil, due to biological fac-
tors (e.g., microorganisms) or some physical factors (e.g., ultraviolet light, temperature,
humidity, etc.), the plant tissues decompose rapidly, the cells break down and curcin enters
the soil, causing a rapid increase in the local soil curcin levels. Perhaps the adsorption of
soil particles makes it difficult to extract curcin, leading to a rapid reduction in its content in
a short period of time, while the degradation of curcin by soil microorganisms is the main
reason for its continued reduction over time. Studies on the degradation of BT proteins in
soil by Helassa et al. showed that a rapid decrease in the amount of extractable toxin was
observed during the first 14 days, with a decrease of 86 &= 7.5% of the initial value, followed
by a slower decrease [40]. The degradation trends of curcin protein and BT toxin in soil are
similar, but the degradation rate of curcin is faster and reaches a steady state earlier.

After six days of degradation, the curcin levels stabilized, probably due to the gradual
loss of moisture in the soil and the slowing of microbial activity. Although the initial
addition was the same, differences were observed in the amount of curcin detected in the
Jinhexiang and Lvyangcun soils. It is speculated that the reason for this may be firstly,
the different extraction efficiency of the method for curcin in different soils, and secondly,
it may be that curcin degrades at different rates in different soils and that soil properties
(e.g., pH, mineral content composition, microbial community, etc.) affect the rate of protein
degradation [41]. Jatropha seeds are mostly harvested at maturity as a feedstock for
biodiesel production, but residues from other parts of the plant have a greater chance of
entering the soil. Although tissues such as leaves, roots and fruit bark do not contain as
much curcin as seed kernels’, their long-term accumulation in the soil cannot be ignored.
Residues from these parts of the plant may still be an important factor in the accumulation
of curcin in soil and their effects on soil ecology deserve further investigation.

Curcin is capable of persisting in soil at low concentrations over extended periods of
time, and the long-term efficacy of pest control using curcin may be influenced by several
factors, consisting of the extent of its degradation, the nature of the degradation products
and their distribution in soil. In cases where the degradation products retain antifungal
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and antipest properties, curcin may still confer resistance to fungi and pests to some degree.
Further research is required to affirm this.

4.2. Assessment of the Effect of Exogenous Curcin Protein on Soil Enzyme Activity and Fungal
Communities

Soil enzymes are involved in almost all soil biochemical reactions and are now widely
used as important indicators of soil quality and soil biological activity [33,34]. Sucrase is
an important hydrolytic enzyme in soils, affecting the decomposition and conversion of
soil organic carbon; acid phosphatase is the main enzyme in the phosphorus cycle and is
an indicator of soil organic phosphorus mineralization and biological activity, converting
organic phosphorus to inorganic phosphorus as an effective nutrient; urease promotes
the hydrolysis of nitrogenous organic matter and is closely related to the formation and
effectiveness of nitrogen in soils [42,43]. Soil catalase activity, which correlates with soil
respiration intensity and soil microbial activity, is effective in preventing hydrogen peroxide
toxicity and is an important indicator of soil microcosm environment [44]. The results of
this study showed that the Jatropha ribosomal inactivation protein curcin had a greater
effect on soil sucrase and urease activities under laboratory conditions, and it is speculated
that Jatropha cultivation may also alter soil enzyme activities through curcin protein.

Among the dominant fungal communities in curcin-treated soils, Penicillium and
Aspergillus were mostly soil saprophytic fungi with high reproductive capacity and high
environmental adaptability. The same saprophytic fungi were also known as Mortierella and
Rhizopus. Rhizopus was an important producer of lipase [45,46], and a common pathogenic
genus, causing a variety of plant diseases such as soft rot [47]. Purpureocillium was an
important biocontrol fungus and was very effective against root-knot nematodes that lead
to serious damage to cash crops [48]. There is a certain antagonism between the different
flora in the soil, and the beneficial flora and pathogenic flora restrain each other to bring
the soil ecology into balance, increasing the defenses and resistance of the soil ecosystem,
reducing the occurrence of pests and diseases and preventing soil pollution, which is
conducive to the healthy functioning of the soil ecosystem.

Zhaolei et al. [49] employed T-RFLP fingerprinting to examine the impact of varied
CrylAc toxin concentrations on the diversity of soil fungal communities. The findings
indicate that soil fungal community structure remained unaltered over the incubation
period of 100 days. These outcomes bear partial similarity to those of the current study. In
this study, 0.5 pg/g soil curcin resulted in a significant reduction in soil fungal OUT after
12 days of treatment compared to control samples, but a significant increase in the Shannon
index, indicating that application of exogenous curcin protein reduced the abundance of
fungal communities but increased the number of fungal species at the taxonomic level,
thereby increasing the diversity of fungal communities. It is noteworthy that the protein
treatment did not significantly alter the dominant species composition of the soil fungal
community, but rather the abundance of some of the dominant species, and the effect was
more pronounced in the 0.5 ng/g soil curcin treatment group.

4.3. Analysis of Soil Fungal Communities in Jatropha Planting and Non-Planting Areas in
Different Regions

Studies have shown that 20%-50% of the photosynthetic assimilation products of
plants are transferred to the below-ground fraction, and most of them are released to the
root zone in the form of organic and inorganic secretions, which affect the composition
of the soil microbial community [50]. This conclusion was confirmed by Corey et al. [51]
who added a plant root secretion to the test group for incubation and obtained a soil
fungal community that was very similar to that of the soil in which the plant was grown,
suggesting that inter-root secretions are a mechanism for regulating the composition of
the soil fungal community. Because curcin protein can alter the composition of soil fungal
communities and can enter the soil in a variety of ways, the differences in soil fungal
communities between Jatropha planting areas and non-planting areas in different climatic
regions were investigated. The results showed that Jatropha cultivation in four different
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climatic regions had a major effect on the dominant fungal community in the soil. This
indicates that Jatropha cultivation has an impact on the composition of soil fungi.

Kumar’s study [52] showed that the diversity of soil fungi is generally correlated
with the physicochemical properties of the soil, and the differences in the physicochemical
properties and soil texture of the soil samples from the three sites may be one of the reasons
for the differences in the effects of Jatropha cultivation on the fungal communities of each
site. Additionally, the differences in the effects of Jatropha on soil fungal communities
were also related to the age and species of Jatropha. It has been shown that plants release
different amounts of material into the environment through root secretions, pollen and plant
residues during different growth periods [53], and the growth status of Jatropha may vary
from region to region, with different effects on soil fungal communities. This study did not
sample the soil physicochemical properties of the non-planting areas of the site. Therefore,
the study cannot reflect the effect of Jatropha planting on soil physicochemical properties,
nor can it be ruled out that different physicochemical properties cause differences in
soil fungal communities, which will be incorporated into the experimental design of the
following study.

4.4. Shortcomings and Prospects

This study used fungal ITS sequencing to analyze changes in the structure of soil
fungal communities. Compared to previous studies that used PLFA to analyze the effects
of Jatropha on soil microorganisms [54], the target population is more refined (only soil
fungi were studied) and the research methods are more advanced (PLFA can only analyze
quantitatively dominant microbial communities, whereas fungal ITS sequencing can detect
low abundance microorganisms and is more accurate). While most studies of fungal
community composition have a long treatment period, this study focuses on changes in
fungal community composition in the short term after treatment.

This study is only a preliminary exploration of the dynamics of curcin degradation in
soil, and further research is needed to clarify the detailed process of curcin degradation.
For example, the sampling time points between 0 and 6 days should be added to explore
the process of curcin degradation from 100% to less than 1%, and the sampling time after
36 days should be extended to explore the maximum time that curcin can remain in soil
within the detection limit. In addition, the degradation dynamics of curcin can be studied
under specific microbial populations, different UV irradiation conditions and different
temperatures and humidity.

The detection methods of high convenience and high sensitivity are urgently in need.
For samples measurements, updated extraction methods (e.g., bioassay) and experimental
analysis methods are needed to eliminate the bias caused by the determination of curcin
protein concentration. In reality, our research on curcin protein and Jatropha cultivation
is short-term, which may result in underestimating or overestimating the impact on non-
target organisms. Hence, extended observations are imperative for comprehending the
impact on soil. Overall, the use of curcin protein as a biopesticide may require additional
considerations in terms of its effects on soil microbial communities and nutrient cycling.
Further research is needed to fully understand the long-term impacts of curcin protein on
soil ecosystems and to evaluate its use as a sustainable agricultural tool.

5. Conclusions

Curcin proteins can enter the soil through various means and persist for an ex-
tended period, resulting in certain impacts on soil enzyme activities and fungal commu-
nities. Furthermore, Jatropha farming elicits divergent effects on soil fungi under varied
climatic conditions.

The results showed that the curcin content in Jatropha seed kernels is up to 2 mg/g
tissue, which is much higher than in other tissues. The soil carrying capacity for curcin is
approximately 40 mg/g. After Jatropha seeds were incorporated into the soil, the level
of curcin in the soil increased rapidly and decreased by more than 99% within six days,
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after which it stabilized, while the rate of curcin degradation in the soil varied from soil
to soil. Curcin had a more significant effect on the fungal community at a later stage after
entering the soil. Concentrations of 0.5 ug/g and 50 pug/g cause more structural changes in
soil fungal communities than 5 pug/g curcin, which may disrupt the balance between soil
microorganisms and be detrimental to the conservation of soil ecosystems.

The effects of Jatropha cultivation on the abundance and diversity of soil fungi were
decreasing in the subtropical dry and hot monsoon climate and the tropical maritime mon-
soon climate and increasing in the subtropical monsoon climate, and effects on soil fungi
in the tropical highland monsoon climate were decreasing in abundance and increasing
in diversity; the dominant fungal phylum in each region remained unchanged, all being
Ascomycota, but the dominant fungal genus with the highest abundance changed, except
in Jinhexiang. Various soil properties vary in different climate types, resulting in contrast-
ing impacts of Jatropha cultivation on soil fungi. There was a detrimental impact on soil
fungal communities in tropical maritime monsoon and subtropical dry and hot monsoon
climates. It is recommended that land managers in these regions prioritize the risk level of
soil organisms in Jatropha cultivation areas. Conversely, there was a beneficent effect in
subtropical monsoon and tropical highland monsoon climates, thus offering potential for
soil utilization in Jatropha plantation areas within these regions.

Further research is required to investigate the impact of Jatropha cultivation and curcin
proteins on soil microorganisms. To enhance utilization and preservation, fundamental
research is necessary to examine the underlying mechanisms, such as investigating the
enduring consequences of curcin on soil microorganisms.
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Abstract: Thinning can improve soil nutrient supply, but the effects of thinning on soil phosphorus (P)
contents and bioavailable mechanisms in high-density and short-rotation Eucalyptus coppice forests
are not well reported. Therefore, we conducted five intensities of thinning treatments, which were
83% (283 tree ha™!, T1), 66% (566 tree ha~!, T2), 50% (833 tree ha—!, T3), 33% (1116 tree ha~!, T4), and
0% (1665 tree ha™!) in a 2nd 6-year-old E. grandis x E. urophylla coppice plantation with 8 years as a
rotation, investigated soil nutrient contents, microbial biomass, and extracellular enzyme activities
of 0-20 and 2040 cm soil layers after two years of thinning, and analyzed the relationship between
available phosphorus (AP) and other indicators. The results showed that soil total phosphorus
(TP) contents in 2nd Eucalyptus coppice plantations were lower than in native forest ecosystems,
but T1 significantly increased (p < 0.05) TP by 81.42% compared to CK of 0-20 cm, whereas T2
and T3 improved available phosphorus (AP) by 86.87%-212.86% compared to CK. However, soil
organic carbon (SOC), dissolved organic carbon (DOC), total nitrogen (TN), and alkaline hydrolysable
nitrogen (AN) were not significantly different (p < 0.05) among all treatments. According to the
analysis, soil TP contents were significantly positively related (p < 0.001) to SOC; soil total nutrients
and DOC contents had the highest standardized total effect on AP; meanwhile, the quotient of
microbial biomass directly conducted soil AP contents. These results highlighted that thinning can
be used to alleviate soil P shortages by promoting multinutrient and biological cycles in Eucalyptus
coppice forests.

Keywords: Eucalyptus plantation; thinning; soil nutrients; phosphorus bioavailability; microbial
biomass; extracellular enzyme activities

1. Introduction

In China, the Guangxi area is a major Eucalyptus plantation area, with approximately
4.5 million hectares accounting for 45% of the total Eucalyptus plantation area in this
country [1]. To obtain the maximum profit, the high-density (over 1110 tree ha—!) and
short-rotation (5-10 years) management modes have become increasingly common in
Eucalyptus plantation management in Guangxi. This plantation ecosystem suffers severe
impacts from human activities and then leads to weaker ecological and social functions
than native forest ecosystems [2], such as a decrease in the diversity of understory plant
communities, degradation of aggregates, nutrient losses, etc. [3-6]. Meanwhile, some
improved Eucalyptus species, which are usually used in plantations, require 2—4 times more
nutrients than what is returned by litter in this mode [7-9]. Therefore, the contradiction
between declining soil fertility and the rapid growth of Eucalyptus is fiercer after the
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intraspecific competition starts in this silvicultural system, suggesting some stand density
control technologies are necessary in high-density Eucalyptus plantations.

Thinning decreases stand and canopy densities and can (1) relieve nutrients and
space competition in high-density plantations, (2) promote plant regeneration, resump-
tion, and litter input [10,11], and (3) ultimately benefit soil nutrient accumulation, cycling,
and bioavailability [12-15]. In a previous study, the functions of thinning in sustainable
management of Eucalyptus plantations were discussed, which included improved fertilizer
utilization efficiency, increased stand size classes, and enhanced productivity after thin-
ning to mitigate land degradation [16]. However, most thinning research has focused on
coniferous timber plantations, such as Chinese fir (Cunninghamia lanceolata) and Masson
pine (Pinus massoniana) in southern China [17,18]. As a result, it remains unclear how
thinning affects the soil nutrient characteristics and biochemical cycles in high-density and
short-rotation Eucalyptus plantations.

In low-latitude regions, soil bioavailable P is relatively scarce due to leach and in-
organic P adsorbed by Fe and Al ions, which makes P often the limiting element for
the structure and function of forest ecosystems in tropical and subtropical areas [19-21].
Although P fertilizer input is a common method for supplying soil P in short-rotation
plantations, the bioavailable P fraction fixed in acid soil is the main reason for low plant
availability after fertilizing [22,23]. This implies that soil TP may be sufficient, but very
low bioavailability limits P utilization in plantations (including Eucalyptus plantations) in
the acid soil area of southern China. Plants mainly utilize some low molecular organic
P and inorganic P fractions, which are connected with microbial biomass turnover and
originate from phosphatase hydrolysis, respectively [23-25]. A former report found mi-
croorganisms that live in low-TP conditions had a stronger ability to capture P from stable
minerals [26]. These P fractions are immobilized in microbial biomass and absorbed by
mycorrhizal-root associations during the growth-death cycle of microbes [27-29]. Mean-
while, microorganisms and plant fine root exude phosphatase enzymes for hydrolysis of
stable organic P fractions; however, their bioactivity and efficiency cannot be maintained for
a long time [23,24]. The synthesis and exudation of phosphate enzymes must be continued
for microbes and plants to absorb inorganic P. These processes consume a lot of carbon (C),
nitrogen (N), and other mineral nutrients [30] and are impacted by forest environmental
changes, soil physico-chemical properties, and human activities [24,31], which suggests
that some silviculture actions can influence soil P plant availability and available mech-
anisms [15,32,33]. Therefore, it is meaningful to study the effects of thinning on soil P
bioavailability and cycling in high-density and short-rotation Eucalyptus plantations. Such
research could potentially inhibit soil P deposition, increase the utilization efficiency of P
fertilizers, and reduce pollution during production, shipping, and use of P fertilizers.

Eucalyptus grandis x E. urophylla is one of the most common species in short-rotation
and high-density Eucalyptus plantations in the Guangxi Zhuang Autonomous Region of
China. It is usually regenerated by the coppice method, which can lead to land degra-
dation [34]. In this study, an E. grandis x E. urophylla plantation with an initial density
of 1665 tree ha~! and 8 years of rotation was used as an experimental stand. We ap-
plied different thinning intensity treatments to a 6-year-old of the 2nd generation that
was regenerated by coppice after clear cutting conducted on the 1st generation. Two
years late (the age of the stands was 8 years old; it is the end of the second rotation),
we collected soil samples from the 0-20 and 2040 cm layers and measured soil nutrient
content, microbial biomass, and enzyme activity. Specifically, two research questions were
addressed: (1) Does thinning increase soil nutrient content and bioavailability, particu-
larly P? (2) Which indicators play a significant role in soil P plant availability turnover
in E. grandis x E. urophylla coppice forests? To answer these questions, three hypothe-
ses were developed: Hypothesis 1: Thinning improves soil AP content in E. grandis x E.
urophylla coppice forests. Hypothesis 2: Microbial biomass phosphorus (MBP) is the most im-
portant factor affecting AP content in E. grandis x E. urophylla coppice forests. Hypothesis 3:
Microbial biomass turnover is more important than enzyme hydrolysis for soil P bioavailability in
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E. grandis x E. urophylla coppice forests. This study aimed to provide insights into the effects
of thinning on soil nutrient dynamics and to identify key indicators of soil P bioavailable
turnover in E. grandis x E. urophylla coppice forests.

2. Materials and Methods
2.1. Study Site

The study was conducted at Qipo Forest Farm (108°43'-108°44’ E, 23°37'-23°38' N)
in Nanning city, Guangxi Zhuang Autonomous Region, within the southern subtropical
hill area of China (Figure 1). The altitude of the study site is approximately 300 m. The
climate in this region is subtropical monsoon, with annual mean, maximum, and minimum
temperatures of 21.4 °C, 39.0 °C, and —2.2 °C, respectively. The annual total precipitation
is 1300 mm and concentrates in the summer, with approximately 300 days of accumulated
temperature over 10 °C per year and an annual total accumulated temperature of about
7200 °C. The dominant soil type in the area is Latosol, with a pH range of about 4.0-5.0,
developed from granite or milestone, and a depth of about 80-90 cm. The understory
plant community is composed of several common species, including Miscanthus floridulus,
Microlepia hancei, Pteris semipinnata, Rubus cochinchinensis, and Maesa japonica.
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Figure 1. The location of the study site.

2.2. Experimental Design

The high density and short rotation E. urophylla x E. grandis DH32-28 experimen-
tal plantation located on a sloping land of sedimentary hill with an initial density of
1665 trees ha~! and 8 years as a rotation. This forest, 1st generation, was planted by
saplings in 2005, and all of the timber was harvested by clear cutting in April 2013. Some
silvicultural practices were used to regenerate: (1) stumps were protected by spraying
disinfector to promote coppice budding when harvesting was complete; (2) after two
months, the 3—4 stronger coppices were retained, which budded from different sides on a
stump with similar height and diameter; meanwhile, other coppices were removed; and
(3) two months later again, we selected the best one, which would be cultivated to 2nd
stand, from the retained coppices and removed others on every stump. In every August
during 2013-2015, 0.5 kg of NPK compound fertilizer was applied to every tree at four
spots around the trunk; the distance from the fertilizing spots to the trunk was about 30
cm. In March 2019, we established fifteen 400 m? (20 x 20 m) plots with similar growth
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conditions, slop aspect, slop gradient, and understory plant community at this 2nd Euca-
lyptus coppice (Table 1). The distance between each single plot was 30 m. Five thinning
treatments with different intensities were assigned to fifteen plots through a completely
randomized design. Each thinning-intensity treatment was replicated three times. The 5
thinning intensities were 83% (T1), 66% (T2), 50% (T3), 33% (T4), and 0% (CK), and the
stand densities were 283, 566, 833, 1116, and 1665 tree ha~! after thinning, respectively
(Table 1). We selectively thinned weakened trees under the canopy, and no logging slash,
including root, bark, branch, and leaf, was removed. After thinning, no further silviculture
activity was conducted, and a 10 m buffer zone was established around every plot.

Table 1. Basic information of E. grandis x E. urophylla coppices forest on different thinnings.

Indexes T1 T2 T3 T4 CK
Slop gradient (°) 25 24 23 27 25
Slop aspect Northwest Northwest Northwest Northwest Northwest

Elevation (m) 302.1 299.8 304.5 303.9 304.6
Stand density (tree ha™!) 283 566 833 1116 1665

Canopy density 0.35 0.55 0.70 0.82 0.96
Average tree height (m) 26.23 23.87 23.58 25.37 24.67
Average diameter at breast height (cm) 24.17 19.53 19.60 19.43 16.77
Stock volume (m? ha) 113.86 148.41 199.56 259.27 365.60

Soil bulk density (g cm ™) 1.28 1.31 1.38 1.41 147
Soil total porosity (%) 45.56 43.43 41.69 40.42 37.14
Soil water content (%) 14.14 15.18 12.08 11.96 12.60

Soil pH 4.29 4.09 417 411 4.25

Note: T1—83% intensity thinning; T2—66% intensity thinning; T3—50% intensity thinning; T4—33% intensity
thinning; CK—Control.

2.3. Sampling and Analysis

In September 2021, we measured the growth characteristics of Eucalyptus trees and
canopy densities at every plot (Table 1). Simultaneously, we set nine sample dots following
an “S” pattern in the middle of planting lines within each plot according to the method
outlined by Dang et al. [11]. We carefully removed the litter from the soil surface and
subsequently collected one soil sample from each designated point in both the 0-20 and
20—40 cm layers. The nine soil cores within a plot and layer were mixed together to
create a composite sample. A total of 30 mixed soil composites (5 treatments x 3 plots of
a treatment x 2 layers) were stored in 4 °C boxes with dry ice. In the laboratory, we fully
mixed all the soil composites again, removed any residual debris and litter, passed them
through a 2 mm griddle, and then divided them into two sub-amples. One sub-sample
was processed by air drying, grinding, and sieving using a 0.25 mm griddle for measuring
abiotic indicators. The other sub-sample was stored at 4 °C in a refrigerator for biotic
indicator determination.

SOC and TN were measured using an elemental analyzer (Vario EL III; Elementar,
Frankfurt, Germany) [35]. Additionally, AN was determined using the previous method
described by Wang et al. [36]. The soil samples were digested and processed by 0.5 mol
NaOH, steam distillation in succession, and then titration with boric acid. To measure TP,
the soil sample was digested with HClO4-H,SO4 mixed liquor, and the supernatant was
absorbed and analyzed using the molybdenum blue colorimetric method at 880 mm (UV-
3600i Plus, SHIMADZU, Hadano, Japan) [37,38]. Furthermore, microbial biomass carbon,
nitrogen, and phosphorus (MBC, MBN, and MBP) were analyzed using the chloroform
fumigation-extraction method [37]. The soil samples were incubated in darkness in an
incubator (MJ-250-1, Jiecheng Experimental Instrument CO, LTD, Shanghai, China) for
48 h and then fumigated and extracted before being extracted with 0.5 mol L~! K,SOy for
MBC and MBN and with Bray-1 (0.03 mol L~! NH4F-0.025 mol L~! HCL) for MBP [39].
The oscillator shaking method (WSZ-100AR, Yiheng, Shanghai, China) was used during
extraction. The C and N contents in the supernatant were measured using a TOC/TN
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analyzer (Multi N/C 3100, Analytic Jena, Jena, Germany), and the P content was analyzed
using the molybdenum blue colorimetric method (UV-3600i Plus, SHIMADZU, Japan).
DOC and AP were measured as the C and P contents of the leaching solutions before
fumigation, respectively [35]. A universal conversion factor of 0.45, 0.54, and 0.4 was used
to calculate MBC, MBN, and MBP, respectively [40]. The quotients of microbial biomass
carbon, nitrogen, and phosphorus (QMBC, gMBN, and qMBP) are expressed as the ratios of
MBC:SOC, MBN:TN, and MBP:TP, respectively. The activities of soil 3-glucosidase (BG)
and acid phosphatase (ACP) were determined using the microplate technique as previously
described by Saiya-Cork et al. [41]. Whereas the previous method described by Fei et al.
was used to measure urease (URE) activity [42], it was presented by the ammoniacal N
content of 5 g of fresh soil dissolved in 10 mL of urea solution (10%, w/w) and 10 mL of
citrate buffer (pH = 6.7), incubated at 38 °C under dark conditions for 24 h.

2.4. Statistical Analysis

SPSS 18.0 (IBM, Chicago, IL, USA) was used for statistical analysis. A one-way
of variance (ANOVA) was conducted to test statistical significance among treatments,
followed by Duncan’s multiple range test (p < 0.05) for various comparisons. The data
were presented as mean =+ standard difference. Meanwhile, the Pearson correlation was
analyzed by this software. The ggplot2 in R version 4.2.1 and the R Studio 2022.07.0
interface were used for regression analysis. Based on the results of Pearson correlation,
partial least squares path modeling (PLS-PM) was conducted using the pls-pm package to
explore the direct or indirect connections of soil nutrients (including SOC, DOC, TN, and
TP), enzymes of C and N cycling (including BG and URE), quotients of microbial biomass
(including qMBC and qMBP), ACP, MBP, and AP [35,43]. Finally, we used Origin Pro 2022
(Originlab, Northampton, MA, USA) and Microsoft PowerPoint 2016 (Microsoft, Redmond,
WA, USA) for drawing figures.

3. Results
3.1. Response of Soil Nutrients Content to Thinning Intensity in E. urophylla x E. grandis
Coppice Stands

The soil nutrient content of different thinning treatments from different soil layers
is presented in Table 2. Soil total nutrient content (SOC, TN, TP, and AN) increased and
then decreased with increasing thinning intensity at the 0-20 cm layer. However, no
significant differences (p < 0.05) were observed for these nutrients between the different
thinned E. urophylla x E. grandis coppice stands in two layers. Soil TP in the 020 cm
layer was significantly higher (p < 0.05) in the T1 treatment (81.41%) compared to the CK
treatment, as well as in the T4 and T3 treatments (92.26%) (Table 2), but there were no
significant differences (p < 0.05) observed in the 20-40 cm layer among the five treatments.
This suggests that the stronger thinning intensities benefited the soil P content in the
surface layer. In the 0-20 cm soil layer, the trend of AP content was observed as follows:
T2 > T3 > T1 > CK > T4. Both T2 and T3 exhibited significantly higher (p < 0.05) AP levels
than CK by 130.56% and 99.36%, respectively (Table 2). Similarly, these two treatments,
T2 and T3, displayed significantly higher (p < 0.05) AP contents than T4 by 132.47% and
101.30%, respectively (Table 2). In the 20-40 cm layer, the trend was T2 > T1 > T3 > T4 > CK,
with significantly (p < 0.05) increased soil AP content in the T2 treatment compared to the
T4 and CK treatments by 142.31% and 215.00%, respectively (Table 2).
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Table 2. Changes in soil nutrient content and the p-value and F-value of different thinned E.

urophylla x E. grandis coppices forests.

Indexes Layers (cm) T1 T2 T3 T4 CK F P

S0OC 0-20 1162 £3.62ns 1290+251ns 10724+ 1.18ns  9.59 £ 1.30ns 9.46 + 0.42 ns 0.917 0.491
(gkg™ 20-40 8.55 £ 2.58 ns 7.06 £ 1.66 ns 6.56 £ 0.13 ns 6.16 £0.10 ns 7.37 £1.40ns 0.866 0.516
DOC 0-20 2040 £548ns 2353 £5.17ns 18.01 £505ns 12.794+337ns 17.744+1.38ns 1.733 0.219
(mgkg™) 20-40 8.89 £2.43ns 775+1.00ns 1011 £3.16ns  5.54 £0.83ns 7.87 £2.05ns 1.307 0.332
N 0-20 0.74 £0.19ns 0.78 £0.15ns 0.63 £0.04 ns 0.60 £ 0.09 ns 0.61 £0.04ns 0.987 0.457
(gkg™ 2040 0.62 £+ 012 ns 0.49 £0.13ns 0.47 £0.01 ns 0.48 £0.02ns 0.55 £ 0.05ns 1.170 0.381
AN 0-20 3876 £535ns 3773 £741lns 3465+£1.09ns 33.88+1.09ns 34.39 £+ 0.36ns 0.564 0.694
(mgkg™1) 20-40 3414 +723ns 3029 £642ns 2644 +096ns 2490+145ns 33.11 & 1.66 ns 1.645 0.238
TP 0-20 0.38 £0.08 a 0.31 £ 0.09 ab 0.20 £0.02b 0.20 £0.02b 0.21 £ 0.05b 3.573 0.047 *
(gkg™h) 20-40 0.26 £ 0.07 ns 0.21 £0.06 ns 0.18 £0.03 ns 0.19 £ 0.00 ns 0.20 £0.02 ns 0.821 0.541
AP 0-20 1.29 + 0.40 bc 179+ 0.38a 1.55 £ 0.27 ab 0.77 £0.07 ¢ 078+ 0.19¢ 5.044 0.017*
(mg kg™ 20-40 0.93 £0.27 ab 126 +£042a 0.76 4+ 0.27 ab 0.524+0.07b 0.40 £0.09b 3.498 0.049 *

Note: The lowercase letter indicates a significant difference (p < 0.05) between different thinning treatments in
the same layer. T1—83% intensity thinning; T2—66% intensity thinning; T3—50 intensity thinning; T4—33%
intensity thinning; CK—Control; SOC—Soil organic carbon; DOC—Dissolved organic carbon; TN—Total nitrogen;
AN—AlKkaline hydrolysable nitrogen; TP—Total phosphorus; AP—Available phosphorus; * and ns—significant
difference at p < 0.05 and non-significant, respectively. (mean + SD, 1 = 3).

3.2. Response of Soil Microbial Biomass to Thinning Intensity in E. urophylla x E. grandis
Coppice Stands

The qMBC and MBC in soil showed the same trend (decreased and then increased
with an increase in thinning intensity) among treatments except for the 2040 cm layer
of T4 (Figure 2a,b). Among soil layers, MBC was enhanced in 0-20 cm soil layers across
thinning treatments (Figure 2a). Whereas qMBC showed the highest value in the 2040 cm
layer among all thinning treatments (Figure 2b). Among the treatments, T2 treatment had
the lowest qMBC among all thinning treatments, with a significant difference (p < 0.05)
of 47.34% and 44.81% compared to CK in the 0-20 cm and 2040 cm layers, respectively
(Figure 2b, Table 3). Moreover, T2 resulted in the lowest gMBN, which was significantly
lower (p < 0.05) than T1, T3, T4, and CK by 39.13%, 36.04%, 40.09%, and 36.51%, respectively
(Figure 2d, Table 3). Interestingly, soil MBP and qMBP in the 20—40 cm layer showed
an increase followed by a decrease with stand density increasing. T2 was significantly
higher (p < 0.01) than other treatments, showing an increase of 91.23%-189.45% in MBP
and 67.55%-211.47% in qMBP (Figure 2e,f, Table 3). This suggests that T2 benefits soil P
accumulation in microorganisms. However, thinning had no significant influence (p < 0.05)
on MBN, MBP, and gMBP in the 0-20 cm layer (Figure 2c,e,f, Table 3), or on qMBN in the
20-40 cm layer (Figure 2d, Table 3).

Table 3. The F-value and p-value of one-way ANOVA of MBC, qMBC, MBN, qMBN, MBP, qMBP, BG,
URE, and ACP in different thinning treatments and layers.

Indexes Layers (cm) F p
MBC 2040 15242 0001
o = oo
MBN 2040 o103 o2
BN 2040 oe13 663
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Table 3. Cont.

Indexes Layers (cm) F p
0-20 2.155 0.148
MBP 20-40 8.875 0.003 **
0-20 0.191 0.937
qMBP 20-40 8.046 0.004 **
BG 0-20 3.604 0.046 *
20-40 3.892 0.037 *
0-20 0.344 0.409
URE 20-40 1416 0.298
0-20 0.989 0.457
ACP 20-40 1.232 0.357
Note: * and ** stand significance differences at p < 0.05 and p < 0.01, respectively.
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Figure 2. Changes in soil microbial biomass carbon (MBC) (a), nitrogen (MBN) (c), phosphorus (MBP)
(e), the quotient of microbial biomass carbon (QMBC) (b), nitrogen (QMBN) (d), and phosphorus
(qQMBP) (f) of different thinned E. grandis x E. urophylla coppices forests (mean + SD, n = 3). Note:
ns—no significant difference. Different lower-case letters indicate significant differences among the

treatments (p < 0.05).
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3.3. Response of Soil Enzyme Activities to Thinning Intensity in E. urophylla x E. grandis
Coppice Stands

Among soil enzyme activities, only BG activity was significantly affected (p < 0.05) by
various thinning treatments (Figure 3a, Table 3), while the URE and ACP activities were not
significantly (p < 0.05) influenced (Figure 3b, c, Table 3). BG activity was increased first and
then decreased as thinning intensity increased, following the order T2 > T3 > T1 > CK > T4
and T2 > T3 > T4 > CK > T1 in 0-20 cm and 20-40 c¢m layers, respectively (Figure 3a). BG
activity in T2 was higher than other treatments by 16.37%-40.35% in the 0-20 cm layer and
by 10.10%—-63.22% in the 2040 cm layer (Figure 3a).
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Figure 3. Effects of various thinning intensities on soil 3-Glucosidase (BG) (a), urease (URE) (b), and
acid phosphatase (ACP) (c) activities in E. grandis x E. urophylla coppices forests (mean + SD, n = 3).
Note: ns: no significant difference. Different lower-case letters indicate significant differences among
the treatments (p < 0.05).

3.4. The Influence of Soil Nutrients, Microbial Biomass, and Enzyme Activity on P Availability

Regression and Pearson correlation analysis indicated that AP was significantly
positively correlated with SOC (R? = 0.476), DOC (R? = 0.457), TN (R? = 0.413), AN
(R? =0.404), TP (R? = 0.353), BG (R? = 0.425), MBP (R? = 0.48) and qMBP (R? = 0.203)
(p < 0.05) (Figures 4a—f and 5¢,f, Table S1), while significantly negatively correlated with
qMBC (R? = 0.636) and qMBN (R? = 0.143) (p < 0.05) (Figure 5d,e, Table S1). These results
suggested that soil AP was affected by soil nutrients and microbial biomass indicators in E.
grandis x E. urophylla coppice forests. Increasing nutrient supply and gMBP can promote
soil P turnover from a stable to a bioavailable fraction.
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The PLS-PM model revealed that soil nutrients had the highest standardized effect on
AP, as shown in Figure 6b. The direct and indirect effects of soil nutrients through MBP, ACP,
and the quotient of microbial biomass on AP were significant (p < 0.05) (Figure 6a). These
results imply soil nutrient content was the most important factor affecting P bioavailability
in Eucalyptus coppice forest. The quotient of microbial biomass was significantly affected by
soil nutrients (p < 0.05), an enzyme of C and N cycling (p < 0.01), ACP (p < 0.01), and MBP
(p < 0.001) directly (Figure 6a). However, the direct effects of enzymes C and N cycling,
ACP, and MBP on AP were not significant (p < 0.05) (Figure 6a). Meanwhile, AP was
significantly (p < 0.01) directly affected by the quotient of microbial biomass, suggesting
that the effects of enzymes of C and N cycling, ACP, and MBP on AP were mainly through
an indirect pathway (Figure 6). The two parameters of the quotient of microbial biomass,
gqMBC and qMBP, had different influences on AP, with qMBC having an adverse effect
and qMBP having a positive impact (Figures 5d,f and 6a, Table S1). These results indicate
that different indicators of microbial quotient had a varied influence on soil AP in an
E. grandis x E. urophylla coppice forest.
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Figure 6. Partial least squares path model (PLS-PM) of soil nutrient, enzyme activity, microbial
biomass, quotient of microbial biomass, and AP (a), and standardized direct, indirect, and total effect
on AP of these indicators (b). Note: The numbers of the arrowed lines are path coefficients. Orange
and deep green solid arrows indicate positive and negative significant (p < 0.05) paths, respectively.
Gray dotted arrows represent a non-significant (p < 0.05) path. Red and blue arrows indicate positive
and negative relationships, respectively, between measured variables and associated variables in
measurement models of PLS-PM. *: p < 0.05, **: p < 0.01, **: p < 0.001.
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4. Discussion
4.1. Soil Nutrients of Different Intensity Thinned E. grandis x E. urophylla Coppice Plantations

Previous studies suggested that increasing soil SOC and TN after thinning requires
an extended period [44,45]. In the present study, soil SOC, DOC, TN, and AN were not
significantly influenced (p < 0.05) (Table 2) in different thinned E. grandis x E. urophylla
coppice forests after two years. These results confirmed the regular fitting of the Eucalyptus
plantation in Guangxi. Thinning of Eucalyptus plantations in short rotation can lead to a
decrease in stand density, an increase in canopy openness, and destruction of the understory
plant community and soil structure, which can accelerate the loss of soil C and nutrients,
especially some labile C and N fractions, due to an increase in soil temperature, priming
effect, and enzyme activity [27,46—48]. In the long term, thinning benefits plant community
structure and promotes the soil nutrient cycle [11]. However, thinning provides Eucalyptus
trees with more space for growth, enhancing their photosynthesis and nutrient uptake.
Meanwhile, 6-year-old to 8-year-old Eucalyptus trees in the current study were in a rapid
growth period; these accelerated soil nutrients utilized by trees and reduced litter input [49],
which prolonged the process of increasing soil C and N contents in thinned Eucalyptus
plantations. The SOC, DOC, TN, and AN trends were varied in two layers. These four
indicators were higher in the T2 and T3 treatments than CK in the 0-20 cm layer but lower
in the 20-40 cm layer (Table 2). The results comply with the rule of soil nutrients content
in different layers that aggregate on the soil surface in subtropical plantations [50,51] and
may be related to spatial variation of litter input and organism nutrients demand: (1) the
understory vegetation root system may not develop entirely in these stands, and litter is
mainly concentrated on the soil surface [52]; (2) meanwhile, Eucalyptus trees usually uptake
nutrients from the depth of the soil layer, and microorganisms indicate higher N demand
in soil below 20 cm in subtropical forests [50]. Therefore, the amount of soil nutrients
consumed is higher in the 20-40 cm layer compared to the 0-20 cm layer.

Qiao et al. reported that the average TP content of native broad-leaved forest in the
0-20 cm and 20-40 cm layers was 0.38 £ 0.12 g kg ! and 0.31 4 0.11 g kg !, respectively,
in Tiantong National Park, a subtropical region similar to our study area [53]. Our findings
indicated that the soil TP contents of the CK treatment were 0.21 £ 0.05 g kg~ ! and
0.20 £ 0.02 g kg~ ! in these two layers (Table 2). This suggests that soil P accumulations
in our 2nd generation E. grandis x E. urophylla coppice plantation were lower than in the
native forest ecosystem. It is well known that there is more soil nutrient consumption
and erosion in short-rotation and high-density Eucalyptus plantations than in native forest
ecosystems [4,54,55]. Soil TP increased in both the T1 and T2 treatments after two years
(Table 2), suggesting that thinning, especially high-intensity thinning, can promote soil P
levels. Bedrock and mineral conditions are essential factors that affect soil TP content [56],
indicating that TP is relatively stable in a specific ecosystem and that limited research exists.
Therefore, litter input is an essential source for the soil P pool [20]. Our study found that
soil TP is significantly positively (p < 0.001) related to SOC (Table S1), which suggests that
increased litter input is the main reason for soil P accumulation in the 0-20 cm layer of
T1 and T2 treatments. Soil AP content in the T2 and 0-20 cm layer of T3 was significantly
higher than in the CK (p < 0.05) (Table 2), suggesting that moderate thinning intensities can
improve P plant availability in E. grandis x E. urophylla coppice forest, thus confirming that
thinning can improve soil AP content in E. grandis x E. urophylla coppice forest.

4.2. Soil Microbial Biomass and Enzyme Activity of Different Intensity Thinned E. grandis x E.
urophylla Coppice Plantations

The results showed that soil MBN and MBP were significantly positively correlated
(p < 0.01) with soil SOC, DOC, TN, AN, and TP (Table S1). However, MBC did not show
a significant correlation (p < 0.05) with these soil nutrients (Table S1), suggesting that
MBN and MBP were controlled by soil nutrient supply, while MBC was impacted by
changes in the understory plant community and root traits after thinning [27,57]. The
changes in plant structure after thinning were found to be a major reason affecting soil
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fungi [58,59], such as community, distribution, structure, and physiological activity. Fungi
have a higher C proportion than bacteria in the soil and are the main fraction of soil
MBC [11,60,61]; hence, the MBC of our stand soil changed after thinning. On a global scale,
the average qMBN and qMBP in tropical and subtropical forest soils are 3.08% and 6.32%,
respectively [62]. In our study, the soil average qMBN and qMBP of E. grandis x E. urophylla
coppice plantations were 1.07% and 0.90%, respectively (Figure 2d,f), which are only a
part of 34.74% and 14.24%, respectively, on the global scale. These results may be related
to worse soil nutrient loss, physico-chemical properties, microbial multifunctionality, and
increasing generations in Eucalyptus plantations [5,63,64]. This implied that the proportions
of MBN and MBP in soil TN and TP were lower. Regression, Pearson correlation, and PLS-
PM analysis suggested a significant positive relationship between qMBP and AP (p < 0.05)
(Figures 5f and 6, Table S1). These results implied that the relatively inferior gMBP was a
reason for low P bioavailability [23].

Soil BG activities rose initially and then decreased with thinning intensity in the
current study (Figure 3a); this trend was opposite to the findings of Chen et al., who
reported lower BG activity in low-intensity thinning treatment and higher activity in high-
intensity treatment than CK in Chinese fir plantations [65]. These varied trends in BG
activities suggest that tree species are one of the reasons affecting enzyme activity in thinned
plantations. There are different forest structures, light environments, plant communities,
and soil nutrient cycling characteristics in these plantations, which are constructed by
various broad-leaved or coniferous tree species [66,67]. We found that BG activity had a
very significant positive correlation (p < 0.01) with SOC and DOC (Table S1), suggesting
that it was affected by substrate quantity and quality [68]. However, according to the
results found by Zhou et al., N and P hydrolytic enzyme activity increased after thinning
in the larch (Larix olgensis) plantation [48]. While our study found no significant difference
(p < 0.05) in URE and ACP activity in E. grandis x E. urophylla coppice forest (Figure 3b,c),
this result was reported in other tropical and subtropical plantations, such as teak (Tectona
grandis) [69]. In nutrient-faulty acid soils, N and P absorbed by Fe and Al ions limit
hydrolytic reactions of URE and ACP, and uptake of N and P from soil organic matter
through mycorrhiza is a more efficient way for plants [19,22]. Therefore, URE and ACP
activity in bulk soil may not be essential indicators for N and P uptake in E. grandis x E.
urophylla, and matched studies between rhizosphere and bulk soils should be conducted in
Eucalyptus plantations.

4.3. Function of Soil Total Nutrient and DOC on P Bioavailability in E. grandis x E. urophylla
Coppice Forest

We observed that the standardized total effect on AP of soil nutrients (SOC, DOC, TN,
and TP) was higher than enzyme activities, MBP, and the quotient of microbial biomass
(Figure 6b). These results suggested soil total nutrients and DOC contents were the most
important indicators for P bioavailability. Furthermore, C, N, and P are major elements
required for microbial activity, especially heterotrophs. Adequate soil nutrient supply
promotes continual turnover of soil nutrients and enzyme activity, thereby accelerating
soil P plant availability [14,31]. Additionally, higher soil total nutrient levels promote
plant growth, leading to improved litter input and long-term maintenance of forest soil
fertility [70-72]. Moreover, DOC is the most effective energy resource for soil microbes
and can affect soil microbial community and function [73]. Previously, several studies
reported different effects of soil total nutrient and DOC on the soil P biochemical cycle;
for example, Margalef et al. (2017) documented that TN was the principal factor that
influenced the spatial gradient change of phosphatase activity on a global scale [31], and
Zhang et al. found that long-term fertilizer input improved soil SOC and TN contents,
resulting in increased MBP in the Loess Plateau [74]. Some fractions of DOC, such as
low-molecular-weight organic acids, can occupy or change positions of soil particles that
bind inorganic P, inhibiting the absorption of bioavailable P fractions and consequently
increasing soil AP content [75].
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4.4. Effects of Soil Microbial Biomass Turnover and Enzyme Activity on P Availability

Extracellular enzyme activities and microbial biomass turnover are two major path-
ways of soil P bioavailability [19,31]. Through regression, Pearson correlation, and PLS-PM
analysis, we found that the relationship between MBP and AP was stronger than that
between ACP and AP (Figures 4h, 5c and 6a, Table S1). Furthermore, the total standardized
effects on AP of MBP and ACP were 0.31 and 0.20, respectively (Figure 6b), suggesting
that MBP turnover had a stronger influence on AP than ACP in 2nd generation Eucalyptus
coppice plantations [76]. Soil AP is utilized by microbes for their metabolism [77], but we
found that the direct standardized effect on AP of MBP was not significant (p < 0.05) in our
Eucalyptus plantation (Figure 6a). These results confirmed that microbial biomass turnover
was more important than enzyme hydrolysis for soil AP in E. grandis x E. urophylla cop-
pice forest. Additionally, the direct standardized effect of MBP on AP was negative and
not significant (p < 0.05), but its indirect standardized effect on AP was positive, and the
pathway MBP—the quotient of microbial biomass—AP was highly significant (p < 0.01)
(Figure 6). This implies that regulating qMBP was the main way that MBP affected AP in
the Eucalyptus coppice plantation. These results highlighted that accelerating P relative
accumulation in microbial biomass effectively promotes soil P bioavailable turnover.

The effects of two quotients of microbial biomass indicators on AP were varied, with
gMBC and gMBP having a significant negative correlation (p < 0.01) and a significant
positive correlation (p < 0.05) with AP, respectively (Figures 5d,f and 6a, Table S1). These
results suggest that the increases in MBC to SOC ratio and MBP to TP ratio had negative
and positive effects on soil P bioavailability, respectively, in our Eucalyptus stands. On the
one hand, C is a restricted element for soil microbes, according to former studies. Soil
microbe activity and priming effect are maintained by an abundant C supply. Conversely,
soil microbes are in inactive dormancy if soil C is insufficient, so soil nutrients cycle and
turnover through microbial biomass are controlled by SOC contents [14,78]. The qMBC
is an important indicator that reflects the ability of soil C supply; a lower qMBC means
specific quantities of microbes can gain more C sources relatively from soil [79,80], and
then some activities related to soil P bioavailability, which are mediated by microbial
turnover, can be sustained [24,81]. Therefore, the relationship between qMBC and AP
was significantly negative (p < 0.001) (Figure 5d, Table S1). We found that T2 treatment
and the 0-20 cm layer of T3 treatment were significantly lower (p < 0.05) than T4 and CK
treatments in qMBC (Figure 2b). These results imply that soil microbes can gain more
energy resources from these treatments and layers, which benefits soil P bioavailability.
Soil AP content was significantly enhanced (p < 0.05) in these two treatments (Table 2). On
the other hand, soil microbes can uptake organic P and immobilize it in microbial biomass
as nucleic acid, phosphatide, ATP, etc., and return it to the soil in small molecular organic P
such as metabolic exude and residual body. These can be taken up by plant-mycorrhizal
fungi systems [24,82,83]. Furthermore, this suggests that enhancing the MBP-to-TP ratio
can promote soil P bioavailable turnover. This is the major reason for the significant positive
relationship of gqMBP with AP in Eucalyptus coppice plantations (Figure 5f, Table S1).

The regulation of the global soil P cycle and bioavailability are regulated by hy-
drolytic enzymes; however, the function of hydrolytic enzymes varies depending on the
ecosystem [68,77,84]. For example, Zhu et al. found that standardized total effects on
bioavailable-P of ACP were negative in subalpine coniferous (Abies fabri) forests in the
eastern edge of the Tibetan Plateau [68]. This phenomenon also emerged in our study
and the E. grandis x E. urophylla coppice forest (Figure 6). Lu et al. conducted a county-
scale study in China to determine the role of biotic factors on soil bioavailable P fraction,
and they concluded that other hydrolytic enzymes, in addition to ACP, that link with
soil P mineral processes, e.g., phytase, were in an essential location in soil P bioavailable
turnover, especially in some land use types that were disturbed by human activities [56].
Short rotation and frequent fertilizer input make E. grandis x E. urophylla plantations an
ecosystem seriously influenced by industrialized forest management. Therefore, using
ACP alone may not accurately reflect the function of hydrolytic enzymes related to soil
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P mineralization. According to Lu et al., this was the main reason soil ACP showed no
significant difference (p < 0.05) along five intensities of thinning treatments (Figure 3c) [56].
Furthermore, we found soil BG activity had a significant (p < 0.01) positive relationship
with AP (Figure 4f, Table S1). In the PLS-PM model, the enzymes involved in C and N
cycles (BG and URE) were key variations on AP through ACP and the quotient of microbial
biomass (Figure 6). This suggests that increasing BG and URE activities can indirectly
promote soil P bioavailability in Eucalyptus plantations. High BG and URE activities can
(1) supply sufficient nutrients for soil microbes [14], (2) promote soil P accumulation in
microbial biomass and enzyme synthesis [85], and (3) increase the microbial turnover
rate [76]. These results suggested a tight relationship between C, N, and P cycles in the soil
of E. grandis x E. urophylla coppice plantations, which has been confirmed in grassland and
cropland [27,85-87].

5. Conclusions

In conclusion, our study found no significant differences (p < 0.05) in SOC, DOC, TN,
and AN among five thinned-intensity treatments. However, we observed that the T1 stand
had a significantly higher (p < 0.05) TP content in the 0-20 cm layer; meanwhile, the T2 and
2040 cm layers of T3 had significantly higher (p < 0.05) AP contents. Additionally, our
analysis implies that various soil indicators can be used to assess P bioavailability. Firstly,
s0il SOC, TN, TP, and DOC contents had the highest standardized effect on AP. Secondly,
microbial turnover was the key process in the soil P cycle, and increasing qMBP benefited
P bioavailability, while lower qMBP restricted soil AP content in Eucalyptus plantations.
Lastly, soil P plant bioavailability is closely connected with soil C and N supply and cycle.
These findings, which confirmed hypotheses 1 and 3, and rejected hypotheses 2, suggest that
relatively heavy thinned intensity can accelerate soil P content and bioavailable turnover
and highlight the primary functions of microbial biomass turnover and soil nutrient supply
in the P plant-available mechanism in Eucalyptus coppice plantations. Therefore, some
silviculture practices, such as prolonging rotation and introducing broad leaf or nitrogen-
fixing tree species, should be used to inhibit soil nutrients loss and increase litter input
for maintaining soil nutrient bioavailable turnover after thinning. More future research
should focus on the influences of thinning soil nutrients and biochemical processes in the
long term.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Abstract: Cunninghamia lanceolata is an important species in plantations and is widely planted in
sub-tropical regions of China because of its fast-growing and productive characteristics. However,
the monoculture planting is carried out in the pursuit of economic value. This planting mode
has led to problems such as the exhaustion of soil fertility, decrease in vegetation diversity, and
decrease in woodland productivity. In order to restore soil fertility and increase timber production,
the introduction of broad-leaved tree species to plantations is an effective transformation model.
Understanding how forest age changes and stand structure differences drive the composition and
diversity of soil microbial communities is helpful in understanding the trend of soil-microbial changes
in plantations and evaluating the effects of the introduction of broad-leaved tree species in soil-plant-
microbial ecosystems in plantations. Therefore, the purpose of our study is to investigate the effects of
forest age and pure forest conversion on C. lanceolata—P. bournei-mixed forest soil microbial community
structure and diversity by detecting soil nutrients, enzyme activities, and soil microbial 16S and
ITS rRNA gene sequencing. According to the findings, the diversity and abundance of bacterial
communities in C. lanceolata plantations of different ages increased first and then decreased with the
increase in forest age, and the max value was in the near-mature forest stage. The fungal abundance
decreased gradually with stand age, with the lowest fungal diversity at the near-mature stand stage.
During the whole growth process, the bacterial community was more limited by soil pH, nitrogen,
and phosphorus. After introducing P. bournei into a Chinese fir plantation, the abundance and
diversity of the bacterial community did not improve, and the abundance of the fungal community
did not increase. However, soil nutrients, pH, and fungal community diversity were significantly
improved. The results of these studies indicate that the introduction of broad-leaved tree species not
only increased soil nutrient content, but also had a significant effect on the increase in the diversity of
soil fungal communities, making the microbial communities of mixed forests more diverse.

Keywords: Chinese fir; forest age and stand structure; soil nutrient; soil microbial community

1. Introduction

Chinese fir (Cunninghamia lanceolata) is a fast-growing coniferous tree that has been
widely cultivated for timber production in southern China [1]. The species makes an
important contribution to environmental protection, the provision of substantial timber
products, and ecological construction. Due to the rising demand for timber, Chinese fir
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plantations usually grow in a monoculture pattern accompanied by a continuous crop
rotation [2]. These practices decrease soil fertility and ecosystem productivity because of
the excessive afforestation density [3]. For example, Zhang Hong et al. [4] found that the
soil phosphorus content gradually decreased with the increase in planting generations.
An in-depth understanding of the reasons for declines in soil quality in C. lanceolata
plantations is extremely important for the sustainable management of these plantations
in China.

Governments and forest managers have been investigating forest management prac-
tices that can improve ecosystem functions and services [5]. The replacement of monocul-
tures with mixed plantations is an effective afforestation method to mitigate soil erosion
and enhance forest productivity [6-8]. Recently, several native broad-leaved trees were
introduced into monoculture C. lanceolata plantations to improve soil status [8]. Phoebe
bournei is an economically important, valuable, and rare broad-leaved native tree, and is
required in mixed forests [1,9]. A mixed forest can increase the diversity of plants, which in
turn positively affects microbial activity and influences soil microorganisms in a number
of ways [10]. It affects soil microbes in several ways, for example, by accelerating litter
decomposition and changing root exudates [11-13]. Not only are soil microorganisms an
important driving factor for plants to obtain available nutrients for growth [14,15], they are
also very sensitive to changes in soil properties [15,16].

The conversion of stand types may impact the structure of soil microbial communi-
ties by influencing soil environment [17,18]. In addition, soil microorganisms can influ-
ence forest productivity by participating in nutrient cycling [19] and soil organic matter
turnover [20], while ensuring the reproduction of microbial communities. Therefore, it
is necessary to understand the relationship and interaction between tree species charac-
teristics, soil nutrient changes, and microbial community structure characteristics for the
sustainable management of coniferous and broad-leaved mixed forests [21,22].

Furthermore, bacteria and fungi play different and important roles in biogeochemical
cycles [23], because the structure and diversity of microbial communities may respond
differently to soils in different ecosystems [24]. For example, fungi mainly decompose
refractory cellulose and lignin [25,26]. Bacteria are mainly responsible for nutrient cy-
cling [27]. However, poor knowledge exists about the differences in the responses of
bacterial and fungal communities after the transformation of Chinese fir plantations into
mixed forests and their relationship with soil characteristics.

Current studies in Chinese fir plantations mainly focus on soil properties, differences
in soil properties [28], nutrient cycling rates [29], and microbial structure [30] between
C. lanceolata plantation forests under monoculture and mixed plantation patterns. Wang
et al. found that soil nutrients and microorganisms were enhanced after constructing a
mixed forest [31]. Lei et al. found that soil microbial diversity was significantly higher
in a near-natural forest versus in a C. lanceolate plantation [32]. Chu et al. reported that
diversity and abundance of soil microbial communities in natural secondary forests was
significantly higher than that in plantations [33].

Moreover, the significant effect of age on soil properties is widely recognized. However,
there are few reports on the effects of stand-type changes in soil characteristics, as well as
few studies that further research impacts on the diversity, composition, and abundance
of microbial communities, determining the key driving factors (soil chemical factors and
enzyme activities) affecting soil microbial communities in the single and mixed cultivation
of Chinese fir (C. lanceolata x P. bournei). Moreover, there are relatively few studies on
the relationship between microbial community structure and composition, as well as soil
properties and enzymes. This greatly limits us in understanding the reaction of microbial
communities to forest age and stand type. Therefore, an in-depth understanding of the
effects of stand age and stand type on microbial communities will help us to make more
rational plantation management methods.

Here, we aimed to fill the knowledge gaps in the effect of stand age and stand type on
soil fertility and microbial diversity, composition, and structure in Chinese fir plantations.
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We also aimed to advance our understanding of the influence of stand age on microbial
structure and composition and explore key limiting factors that affect the soil microbial
community structure. Therefore, our specific objectives were to determine: (1) how soil
nutrients and enzyme activities vary with stand age and stand type; (2) how microbial
diversity and composition changes with stand age and stand type; and (3) the key factors
that affect the structure of soil microbial communities in plantation forests.

2. Material and Methods
2.1. Description of the Field Trial and Soil Sample Collection

The research site is located in Guanshan forest farm, Yongfeng County, Ji’an City,
Jiangxi Province (115°17'-115°56’ E, 26°38'-27°32 N). The climate is humid and is in the
mid subtropical zone, with abundant rainfall and sufficient light. The average annual
temperature is 18 °C and the average annual rainfall is 1627.3 mm. Red soil is a typical
local soil type with the largest area. The main planting species are C. lanceolata, Slash pine,
Moso bamboo, P. bournei, and Liquidambar formosana. Three main sample plots adjacent
to Guanshan forest farm are selected: Dazhou Mountain Branch (115°29'7"" E, 27°14/48" N),
Dongmaokeng branch (115°33’10” E, 27°10'43"” N), and Yuyuan branch (115°34/39" E,
27°14'13" N).

In December 2017, we sampled C. lanceolata plantations of over-ripe forest (OR), near-
mature forest (NM), and young forest (YF), which had the same soil type, site conditions,
and disturbance history. We also sampled a mixed forest of C. lanceolata and P. bournei
with two forest ages, one near-mature C. lanceolata forest mixed with 5-year-old P. bournei
(NM + PBO05), and a near-mature C. lanceolata forest mixed with 10-year-old P. bournei
(NM + PB10). Each sample plot was divided into three 20 m x 20 m quadrants, and we
selected three trees randomly in each quadrant. The plant and animal residues were
removed from the soil surface within 30 cm from the stem of C. lanceolata, and the soil
profile was dug to a depth of 0-30 cm. The roots were taken near the main root system with
fine roots, put into sterile self-sealing bags, and shaken vigorously for 1 min to separate
the roots from the soil. We collected total 45 soil samples, which was used as rhizosphere
soil, and were stored in a low-temperature refrigerator and transported to the laboratory
for analysis.

2.2. Soil Properties and Soil Enzyme Activities Analysis

The samples used for microbial sequencing analysis were stored in a —70 °C ultra-low
temperature refrigerator. The soil samples used for the remaining test indicators were
placed in an oven, dried at a temperature of 105° to a constant weight, and then filtered
using a 2 mm mesh sieve to remove impurities such as plant roots and stones.

All soil indicators are in accordance with the standard agreement. The glass elec-
trode of PHSJ-3D acidity meter produced by Shanghai Rex Company was suspended in
a 1 mol/L KCL solution (w: v, 1: 5) to determine the pH value of rhizosphere soil. Total
carbon and total nitrogen were determined using an elemental analyzer (Vario EL III, Ele-
mentar, Nakano, Tokyo). SOC was measured using an elemental analyzer after removing
carbonates from air-dried samples acidified with dilute hydrochloric acid (5%). Soil total
phosphorus: acid soluble-molybdenum antimony anti-colorimetric determination. Soil
available phosphorus: hydrochloric acid—-ammonium fluoride extraction method. Soils’
total potassium: Hydrofluoric acid—perchloric acid digestion method. Soils’ available
potassium: Ammonium acetate extraction method. Soils” available nitrogen: Petri dish
diffusion method [34-38].

All enzyme activities were determined in accordance with the standard agreement [39].
Soil sucrase: 3,5-dinitrosalicylic acid colorimetric method was used to determine the quality
of glucose produced by 1 g of soil cultured at 37 °C for 24 h to characterize the activity of
invertase. Urease: Using a sodium salicylate-sodium dichloroisocyanurate colorimetric
method, 1 g of soil was cultured at 37 °C for 2 h. Acid phosphatase: Measured by p-
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nitrophenyl disodium phosphate colorimetric method, 1 g soil was cultured at 37 °C for
1h.

2.3. DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing of Soil Microorganisms

According to the manufacturer ‘s instructions, PowerSoil DNA extraction kit (Mo
Bio Laboratories Inc., Carlsbad, CA, USA) was used for rhizosphere soil DNA extraction.
The purity of the sample DNA was detected by a NanoPhotometer spectrophotometer,
and the concentration was detected by Qubit2.0 fluorometer. The V3-V4 region of the 165
rDNA gene of rhizosphere soil bacteria were amplified with primers 341F (5'-CCTACGG
NGGCWGCAG-3') and 805R (5'-GACTACHVGGGT ATCTAATCC-3), while the rhizo-
sphere soil fungi were amplified with primers ITS1 (5'-ACC TGCGGARGGATCA-3') and
B58S3 (5'-GATCCRTTGYTRAAAGTT-3'). TaKaRa EXtaq enzyme was used during the am-
plification process to ensure the success and accuracy of the amplification, and each sample
was subjected to three PCR reactions. After preliminary quantification using Qubit2.0, the
DNA was diluted to 1 ng/uL with sterile water. All PCR reactions were using PhusionA®
High-Fidelity PCR Master Mix (New England BioLabs, Beverly, MA, USA).

Firstly, the mixed PCR products with equal density ratio were purified by GeneJET
gel extraction kit (Thermo Scientific, Waltham, MA, USA). Then, NEB Next Ultra DNA
Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) was used to generate sequenc-
ing libraries and index codes, and Qubit @ 2.0 fluorescence analyzer (Life Technologies,
Carlsbad, CA, USA) and Agilent Bioanalyzer 2100 system were used for the quality assess-
ment. Finally, the library was sequenced using the 250 pair-end protocol of the Illumina
HiSeq2500 instrument.

In order to obtain a credible target sequence and facilitate the subsequent analysis, the
sequence obtained by sequencing was first filtered and removed for low-quality base, Ns,
and linker contamination sequences. Then, the PEAR method [40] was used to splice the
corresponding sequence fragments of the paired-end sequencing, and the quality control
process of the spliced sequence was removed according to QIIME 1.8.0 to remove the
quality filtering of the original label and remove ‘chi-mera’. Finally, the sequences with 97%
similarity as the threshold were assigned to the OTUs, and the representative sequences
of each OTU were classified using the RDP classifier or Closed Reference against the
Greengenes 165 rRNA reference database [41-43]. The work was provided by Annoroad
Gene Technology Co., Ltd. Beijing, China. Finally, we obtained 1,023,685 bacterial sequences
and 477,975 fungal sequences from all rhizosphere soil samples.

2.4. Statistical Analysis

One-way analysis of variance in SPSS software (IBM SPSS Statistics 25.0; IBM Corp.,
Armonk, NY, USA) was used to test the differences in soil properties and enzyme ac-
tivities, as well as diversity (Shannon, Simpson) and abundance (OTU, Chaol) among
different communities. The Wayne diagram was drawn using InteractiVenn (http://
www.interactivenn.net (accessed on 13 March 2023)) to show the common and unique
OTUs of each community [44]. Linear discriminant analysis (LDA) and effect size (LEfSe;
http:/ /huttenhower.sph.harvard.edu/galaxy/root?tool_id=PICRUSt_normaliz (accessed
on 13 March 2023)) was used to identify differences in bacterial / fungal taxa among com-
munities [45]. The PCoA analysis in Canoco 5.0 software was used to show the differences
in microbial population structure by the relative abundance of OTU. A fungal and bacterial
Mantel test analysis using Spearman and Pearson functions of the Rstudio Vegan package
revealed factors affecting the abundance of soil microbial communities in fir plantations
and mixed forests.

3. Results
3.1. Soil Chemical Properties and Enzyme Activities

We found that SOC, TK, and AK contents gradually increased with the stand age of C.
lanceolata plantations, with significant differences in TOC between the young forest and
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near-mature forest, non-significant differences in the SOC contents among the develop-
mental stages, significant differences in TK contents among developmental stages, and
significant differences in AK contents between the young forest and near-mature forest.
pH gradually decreased with increasing stand age, with significant differences among the
developmental stages (Table 1). TN, AN, TP, and AP contents showed a “V”-shaped trend
with the increasing age of fir stands, with significant differences between NM and OR for
TN and AN for all developmental stages, and TP and AP for NM and the rest of the stages.
S-SC activity increased gradually with increasing stand age, but there were no significant
differences among all developmental stages (p < 0.05, Table 1).

The soil TOC and TN contents differed significantly between NM and NM + PB10 in
the Chinese fir forest and mixed stands of fir trees at the same developmental stage, but
SOC content was not significantly different. Soil AN, and TP contents were significantly
lower in the Chinese fir forest than in mixed forests. Soil AP content was significantly
lower than that of NM + PB05 and higher than that of NM + PB10. Soil TK and AK content
and pH were significantly lower in the Chinese fir forest than in mixed forests. The ACP
activity was significantly lower than that of NM + PB05 and not significantly different from
that of NM + PB10. S-SC was significantly lower in the Chinese fir forest than in mixed
forests. SUE was significantly higher in the Chinese fir forest than in mixed forests (p <
0.05, Table 1).

3.2. Characterization of Diversity of Soil Microbial Community

The bacterial community richness and diversity (Table 2) showed a significant dif-
ference in differently aged C. lanceolata forests. OTU, ACE, and chaol showed an overall
upward trend in growth and then decline. Bacterial abundance mainly reached the highest
in the near-mature forest stage, but both the Shannon and Simpson indices showed no
difference (Table 2, p < 0.05).

In the C. lanceolata plantation (near-mature forest) and C. lanceolata—P. bournei mixed
forest of the same stand age, we found that plantations were higher in bacterial diversity
than mixed forests. The OTU, ACE, and chaol indices showed a tendency to increase with
the increasing stand age in the NM + PBO05 forest and NM + PB10 forest, but there was no
significant difference (Table 2, p < 0.05 for all pairs).

Shannon and Simpson indices showed a decreasing and then increasing trend with
stand age, and a significant difference was found between the younger and near-mature
stages. In mixed forests, the Shannon and Simpson indices did not vary significantly.
The diversity indices of fir plantations at the same developmental stage were lower than
those of mixed forests, and the differences in indices were significant (Table 3, p < 0.05 for
all pairs).

For the fungal community, community richness was significantly different in differ-
ently aged C. lanceolata forests. Chaol index values gradually decreased with the increasing
stand age and reached the lowest value at the over-ripe stand stage. In the mixed forest, it
had an upward trend of gradually increasing in abundance with the increasing forest age
(Table 3, p < 0.05 for all pairs).
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3.3. Differences in the Taxonomic Level Characteristics of Soil Microbial Communities

All sequences were assigned to 48,980 OTUs across all samples and categorized to the
bacterial domain, which includes 27 bacterial phyla, 70 classes, 143 orders, 243 families, and
375 genera. The most common phylum in OTUs was Proteobacteria, accounting for 32.87%,
followed by Acidobacteria (OTUs: 28.24%), Chloroflexi (OTUs: 15.02%), Actinobacteria (OTUs:
9.55%), Planctomycetes (OTUs: 4.09%), Verrucomicrobia (OTUs: 3.03%), and Firmicutes (OTUs:
2.39%). A detailed abundance of phyla was shown in Figure 1.
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mGALIS B Elusimicrobia B Bacteroidetes m Cyanobacteria
® Saccharibacteria = Parcubacteria Chlamydiae Armatimonadetes
ETM6_ Dependentiae = FCPU426 H Nitrospirae H Chlorobi
m Others

Figure 1. The relative abundance of bacterial phylum in young (YF), near-mature (NM), and over-ripe
(OR) Chinese fir plantation; near-mature Chinese fir plantation mixed with 5-year-old P. bournei (NM
+ PB05); Chinese fir plantation mixed with 10-year-old P. bournei (NM + PB10).

Lefse analysis showed differences in the abundance of certain taxa in soil samples
(Figure 2). When comparing microbial communities in pure stands of fir trees of different
ages, we found that the order Sp. Fcpu453 and the class Betaproteobacteria were the dominant
species of the YF stands. In the communities of the OR stands, the family Sp. HSB_ OF53_
F07 and the family Sp. KF_ JG30_ B3 were the dominant species, which were significantly
higher than other microbial communities. The bacterial community of the NM forest had no
dominant species (Figure 2a). By comparing the microbial communities of fir plantations of
different ages, we found that the order Acidimicrobiales, the family Gemmatimonadaceae, and
the phylum Gemmatimonadetes were the dominant species in the NM + PB10 mixed forest
communities. In the NM forest community, the class Chlamydiae, the phylum Chlamydiae,
and the order Chlamydiales were the main dominant species affecting the soil bacterial
community. In contrast, there was no high abundance of bacteria in the mixed forest
community (Figure 2b).
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Figure 2. Lefse analysis of bacterial taxonomic levels in C. lanceolata plantations and Chinese fir-P.
bournei mixed forests. (a) Lefse analysis of bacterial taxonomic levels in C. lanceolata plantations of
different forest ages; (b) Lefse analysis of bacterial taxonomic levels in C. lanceolata plantations and
Chinese fir-P. bournei mixed forests at the same developmental stage; and (c) Lefse analysis of bacterial
taxonomic levels in Chinese fir-P. bournei mixed forests of different forest ages. Abbreviations:
p: phylum, c: class, o: order, f: family, and g: genus. LDA > 3.5, p < 0.05.

Lefse analysis showed that the abundance of certain taxa differed in samples from
mixed forests of different ages. In the NM + PB10 community, the family DA111, the family
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Xiphinematobacteraceae, and the genus Candidatus_Xiphinematobacter were the dominant
species. In contrast, there was no high abundance of bacteria in the NM + PB05 community
(Figure 2c).

In the fungi community (Figure 3), all sequences were classified to the fungi domain
and assigned to 31,865 OTUs across all samples, including 11 fungi phyla, 19 classes,
20 orders, 19 families, and 20 genera. The phylum with the most OTUs was Ascomycota
(54.12%), followed by Basidiomycota (10.81%) and Mortierellomycota (2.34%).
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Figure 3. The relative abundance of fungi phylum in young (YF), near-mature (NM), and over-ripe
(OR) Chinese fir plantations; near-mature Chinese fir plantation mixed with 5-year-old P. bournei
(NM + PBO05); Chinese fir plantation mixed with 10-year-old P. bournei (NM + PB10).

Lefse analysis showed differences in great numbers of dominant taxa in the soil
samples. The abundance of fungal taxa in fir plantation forest samples differed between
stand age and stand type. The genus Ceratobasidium and the genus Leptodontidium were the
dominant species in the NM community. The order Sordariales, the order Chaetothyriales, and
the order Agaricales were dominant in the YF community. There were no dominant species
in the OR community (Figure 4a). The phylum Basidiomycota, the class Cystobasidiomycetes,
the genus Bannoa, and the order Xylariales were the dominant species in the mixed forests
community. In the NM community, the family Clavulinaceae, the family Cordycipitaceae, and
the class Archaeorhizomycetes were the main species affecting the community (Figure 4b).
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Figure 4. Lefse analysis of fungal taxonomic levels in pure and mixed cedar-heath forests. (a) Lefse

analysis of fungal taxonomic levels in C. lanceolata plantations of different ages; (b) Lefse analy-
sis of fungal taxonomic levels in plantations and mixed forests at the same developmental stage;
(c) Lefse analysis of fungal taxonomic levels in mixed C. lanceolate—P. bournei forests of different ages.

Abbreviations: p: phylum, c: class, o: order, f: family, and g: genus. LDA > 3.5, p < 0.05.
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Lefse analysis showed that the abundance of certain taxa differed in samples from
mixed forests of different forest ages. We found that the class Archaeorhizomycetes, the order
Archaeorhizomycetales, and the family Erythrobasidiaceae, as well as other bacteria, were more
abundant in the NM + PB05 mixed forest community. The family Herpotrichiellaceae, the
genus Conoideocrella, the family Corticiales, and other bacteria were more abundant in the
NM + PB10 mixed forest community (Figure 4c).

3.4. Structure of Microbial Community at OUT Level

In all treated samples, there were 12,503 OUT sequences in the bacterial community,
and the bacterial community shared by all communities accounted for 11.4% of the OUT.
The bacterial community of the Chinese fir plantation at different ages accounted for 47%
of the total. The bacterial community of the mixed forest accounted for 53% of the OTUs
(Figure 5a).

45 258

198

YF.LCTT0 NM: [0 OM: [0 NM+PBO5 | T NM+PBI0 | 0
(a) (b)

Figure 5. Venn plot shows the unique and shared OTUs among samples from Chinese fir plantation
and mixed forest of different forest ages in the bacterial (a) and fungal (b) communities.

There were 6017 OTU sequences in all samples of fungal communities, of which all
fungal communities had 3% of the same OTU. The fungal community of the C. lanceolata
plantation at different ages accounted for 45% of the total communities, and the fungal
community in the mixed forest accounted for 55% of the total communities (Figure 5b).

The first and second axes of the PCoA analysis based on the OTUs’ data of differently
aged Chinese fir plantations’ soil bacterial communities explained 20.08% and 39.42% of
the variance, respectively, suggesting that soil bacterial communities differed along the
stand age gradient (Figure 6a). The PCoA analysis Axisl explained 27.39% of the variance
and the Axis2 explained 18.45% of the variance, illustrating that there were differences in
the rhizosphere soil bacterial communities between Chinese fir plantations and Chinese
fir—P. bournei mixed forests (Figure 6b).
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Figure 6. The PCoA results explained 59.47% of observed variation in rhizosphere soil bacteria
communities in Chinese fir plantations of different ages (a) and 45.84% of observed variation in rhizo-
sphere soil bacterial communities of Chinese fir-P. bournei mixed forests at the same developmental
stage (b). The color of the points represents different soil bacterial communities (PerMANOVA test,

p < 0.05).

Based on the OTUs data from differently aged Chinese fir plantations’ rhizosphere
soil fungal communities, the first and second PCoA axes explained 34.04% and 19.94%,
respectively, of the variance. Thus, soil fungal communities differed along a gradient
of forest age (Figure 7a). In a PCoA analysis of rhizosphere soil fungal communities in
Chinese fir plantations and Chinese fir-P. bournei mixed forests at the same developmental
stage, the first axis explained 32.36% of the variation and the second axis explained 23.09%
of the variation, respectively (Figure 7b).

3.5. Identification of Key Drivers Affecting Microbial Community Structure

Soil microbial community is very sensitive to changes in soil factors, the age of Chinese
fir plantation forests, and the construction of mixed forests. Soil properties continually
change, and the microbial community’s feedback to its factors differ, resulting in changes
in the abundance of the microbial community (Figure 6). In the young forest stage, the soil

bacterial community abundance was strongly influenced by soil pH (r = 0.99 **, Figure 8A).

TK and pH had the greatest influence on the soil bacterial community abundance in the
near-mature forest stage (r = 0.98 **, Figure 8B), and TP and ACP had the greatest influence
in the over-ripe forest stage (r = 0.99 **, Figure 8C). AN dominated the soil bacterial
community abundance in the mixed forest (r = 0.99 **, Figure 8D).
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Figure 8. Identification of key driving factors affecting bacterial community structure in different
forest ages and stand types. (A) Correlation of soil bacterial communities with soil nutrients and
enzyme activities at the young forest; (B) Correlation of soil bacterial communities with soil nutrients
and enzyme activities in near-mature forests; (C) Correlation of soil bacterial communities with soil
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nutrients and enzyme activities in overripe forests; (D) Correlation of soil bacterial communities
with soil nutrients and enzyme activities in Chinese fir-P. bournei mixed forests. Note: Significant
correlation at Mantel’s r > 0.4. Correlation is significant at 0.2 < Mantel’s r < 0.4. Data: means + SD
(n = 3). Color gradient indicates Spearman’s correlation coefficient; the side width corresponds to the
correlation coefficient for distance calculated by Mantel; color shade indicates permutations p-value
for statistical significance. Same is below.

Soil factors affecting the soil fungal community abundance were different at each
developmental stage of the plantation forests; thus, Mantel test analyses were used to
identify soil factors affecting soil fungal community abundance at each developmental
stage. We found that soil fungal community abundance was strongly influenced by TK at
the young forest stage (r = 0.99 **, Figure 9A); and TN had the greatest influence on soil
fungal community abundance at the near-mature forest stage (r = 0.99 **, Figure 9B), and
SOC, AN, and S-SC at the over-ripe forest stage (r = 0.49 **, Figure 9C). The soil bacterial
community abundance in the mixed forest was most affected by AN (r = 0.99 **, Figure 9D).
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Figure 9. Identification of key driving factors affecting fungal community structure in different
forest ages and stand types. (A) Correlation of soil bacterial communities with soil nutrients and
enzyme activities at the young forest; (B) Correlation of soil bacterial communities with soil nutrients
and enzyme activities in near-mature forests; (C) Correlation of soil bacterial communities with soil
nutrients and enzyme activities in overripe forests; (D) Correlation of soil bacterial communities
with soil nutrients and enzyme activities in Chinese fir-P. bournei mixed forests. Note: Significant
correlation at Mantel’s r > 0.4. Correlation is significant at 0.2 < Mantel’s r < 0.4. Data: means & SD
(n = 3). Color gradient indicates Spearman’s correlation coefficient; the side width corresponds to the
correlation coefficient for distance calculated by Mantel; color shade indicates permutations p-value
for statistical significance.
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4. Discussion
4.1. Analysis of the Effects of Forest Age and Stand Type on Rhizosphere Soil Chemical Properties
and Enzyme Activity

We observed a continuous increase in TOC and SOC as the forests aged from 10
to 45 years old (Table 1). There is a similar trend to those reported by Deng et al. and
Yu et al., who found that SOC concentration continued to increase with the increase in
Chinese fir plantation age [3,46]. However, there are also many conclusions inconsistent
with the results of this study. For example, Wei et al. found that SOC content decreased
significantly in the near-mature forest stage and increased slightly in the over-mature forest
stage [47]. Chen et al. found that SOC content continued to decline with the increasing
forest age [48]. In this study, the TK and AK contents showed the same trend as SOC
and varied significantly among different ages. TP, AP, TN, and AN all declined to the
lowest trend in the near-mature forest stage and varied significantly. These observations
are consistent with the research by Liu et al., who found that rhizosphere soil N and P
contents changed in a V-shaped pattern with increasing forest age [49].

The initial low C content may be due to the fact that a large amount of wood was
taken from the forest floor at the end of the last harvest period through slash burning,
which caused a large amount of C to be burned off [50]. With the increasing forest age, the
understory detritus continues to accumulate; however, the decomposition rate is slow and
soil C gradually accumulates. Thus, the soil nutrients (N and P) consumed by trees before
25-30 years will exceed the returned soil nutrients [51,52]. This result can also be explained
by the reduction in understory vegetation, which is related to the premature closure of
the canopy during the growth of trees [48,53]. We observed a continuous decrease in
understory vegetation from the young forest to near-mature forest, which supports the
above explanation.

The K content increased with the increasing stand age. The number of plant roots
and the amount of soil microorganisms increased, which promoted the conversion of
insoluble mineral state potassium to water-soluble, exchangeable potassium. Moreover,
the increase in AMF promoted the accumulation of K. In addition, Zhang Yuan et al. [54]
found, in their study on gooseberry, that the demand for fast-acting K was higher during
the juvenile period of plant growth, which may also be the cause of the younger stands
having opposing trends in pH and K. In a study by Li et al. [55], it was found that cer-
tain phosphorus-solubilizing bacteria existed in the inter-root soil of cedar, and that in
the long-term phosphorus-deficient environment of cedar, the content of phosphorus-
solubilizing bacteria was higher. Moreover, phosphate-solubilizing bacteria can produce
acidic substances and reduce soil pH.

The soil nutrient content and soil pH of the mixed forest were significantly higher than
those of the planted forest. Zhongming et al. [56] and Joshi B [57] had similar results as ours;
thus, it is recommended to construct a mixed forest while extending the rotation period.

4.2. Rhizosphere Soil Microbial Diversity and Abundance Influenced by Tree Age and Stand Type

In this study, after the introduction of P. bournei into a Chinese fir plantation, the
a-diversity of the soil microbial community was greatly affected, which was manifested
as the influence of the a-diversity of the soil bacterial community being greater than that
of the soil fungal community (Tables 2 and 3). Moreover, the soil microbial community
structure was obviously separated (Figures 4 and 5). Diakhate et al. found that bacterial
a-diversity in millet and peanut intercropping was significantly affected by the planting
pattern, which was consistent with the results of this study [58]. Similarly, Debenport
et al. found that the diversity of bacterial communities increased significantly after the
introduction of P. reticulatum or G. senegalensis into millet [59]. One of the reasons for this
result is that bacterial communities are more sensitive than fungal communities in the
early stages of stand-type change [60]. Studies have shown that in the early stages of
forest development, environmental changes have a greater impact on soil bacterial com-
munities, and soil bacterial communities change faster and are more sensitive than fungal
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communities [61,62]. Another reason is that the change in microbial species richness and
diversity is not necessarily affected by the change in the structure of microbial communities,
because changes in certain groups may be compensated by changes in other groups [63,64].

In C. lanceolata plantation forests of different stand ages, the quantity of OTUs of the
soil bacterial community, first increased and then decreased, as stands aged (Tables 1 and 2).
This may be due to the fact that controlled burning before afforestation caused the biomass
that was not taken out of the forest floor to return to the soil, and after entering the
fast-growing stage, the soil nutrients declined rapidly, and C. lanceolata continuously
released organic acids through the root system as a way to enhance bacterial activity in
order to obtain sufficient nutrients [15,65]. This is also corroborated by the fact that both
acid phosphatase and urease activities reached their maximum at the near-mature forest
stage. This is consistent with the monotonic increase in urease activity over 15-35 years of
redwood plantations, as reported by Kang et al. [66].

The abundance of the fungal community continued to decline with stand age, with
diversity being lowest at the near-mature forest stage (Tables 1 and 3), which may result be-
cause of two reasons. First, because of the severe soil acidification due to acidic substances
produced by lower nutrient content C. lanceolata root secretions and microbial decompo-
sition of difficult-to-decompose materials, the abundance of fungal species intolerant of
acidic environments declined [67,68]. Second, as it grows, the forest canopy closes, light
decreases, water and heat conditions within the forest become poorer, and the diversity of
understory vegetation decreases. This is consistent with the results of Zhang et al. [69].

4.3. Effect of Stand Age and Stand Type on the Keystone Taxa

We identified site-specific OTUs in pure and C. lanceolata x P. bournei forests (Tables 1-3),
which may serve as key taxa to explain the variation in microbial communities between
plantations. At the level of bacterial phylum, Chloroflexi and Firmicutes were higher in pure
and mixed stands of fir (Figure 1). It has been suggested that Chloroflexi and Firmicutes may
play an important role in participating in carbon and nitrogen cycling, using recalcitrant
carbon fixation [70,71], and have the ability to degrade and fix nitrogen from organic matter,
lignin, and cellulose [72,73]. However, the abundance of Chloroflexi, Firmicutes, and other
strains did not differ significantly in pure and mixed Chinese fir-P. bournei forests. This
may be because during the dry season, the amount of apoplankton increased in the pure
Chinese fir forest, and the dissolved oxygen content in the soil increased, which favored
the growth of aerobic microorganisms and higher microbial biomass.

As for fungi, the introduction of broad-leaf trees not only increased the diversity of
fungal communities but also significantly increased the relative abundance of Basidiomy-
cota compared to pure stands of Chinese fir. Although previous studies confirmed that
Ascomycota is more capable of hydrolyzing cellulose than Basidiomycota [74], we found no
difference in Ascomycota abundance between pure and mixed stands of Chinese fir. Thus,
Basidiomycota played a greater role in mixed stands than in pure stands (Figures 3 and 4b).
The study by Y. Liang et al. found that Basidiomycota often formed mycorrhizae in symbiosis
with plants to promote nutrient uptake and plant growth [75]. Therefore, the higher abun-
dance of Basidiomycota in the mixed forest may be due to the higher number of symbiotic
bacteria in the mixed forest.

4.4. Different Stand Age and Forestry Management Practices Might Influence Soil Microbial
Communities via Soil Properties

Most of the studies considered soil factors and vegetation as the main factors affecting
microbial community structure. Nielsen et al. [76] found that changes in soil properties had
strong effects on bacterial and archaeal communities. Soil pH is the main factor affecting
soil bacterial diversity [77,78]. The bacterial community diversity showed an upward
then downward trend in different stand ages of Chinese fir plantations, and according to
the Mantel test analysis, soil pH was significantly correlated with bacterial community
diversity and had the greatest effect on bacterial community (r = 0.99 **). These findings
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may be due to the increased nutrient stress on Chinese fir trees as they aged, which releases
root secretions and organic acids. These secretions have an attractive effect on some
microorganisms, and these chemotactic bacteria can accumulate and multiply in large
numbers in the inter-rhizosphere. For example, Li et al. found that when intercropping
between grasses and legumes, the roots of legumes such as broad beans (Vicia faba) acidified
the soil by releasing organic acids and proteins, which activated insoluble phosphorus
and thus promoted phosphorus uptake by grasses such as maize (Zea mays) [79]. This
process also resulted in no significant difference in bacterial community diversity between
C. lanceolata plantation and C. lanceolata—P. bournei mixed forests at the near-mature stage.
Liu et al. showed that the loss of soil bacterial diversity was mainly due to the decrease in
soil pH [80]. Thus, bacterial diversity decreases in the overripe forest stage.

There are two main reasons affecting the diversity of soil fungal communities in fir
plantations of different stand ages. One reason is soil nutrients. According to the Mantel
test analysis, the fungal community diversity at different stand ages was initially the most
influenced by potassium (r = 0.99 **) and gradually shifted to nitrogen (r = 0.49 **). Maisto
et al. [81] showed that forest soil nutrients are mainly derived from apoplastic matter. The
apoplastic material of Chinese fir plantations is mainly needles, which contain a large
amount of lignin, cellulose, and tannin, which have relatively high C/N, leading to soil N
deficiency and inhibition of fungal activity [82]. The other explanation is soil pH. Although
pH did not have a direct effect on fungal community diversity according to the Mantel test
analysis, this may be because the decrease in soil pH drives aluminum toxicity, which is
detrimental to microbial growth [83].

Soil pH has a significant effect on soil microbial communities. In plantation forests,
soil bacterial diversity tended to increase and then decrease with a gradual increase in soil
acidity, a result that is consistent with the findings of E. Wu et al. [84]. Fungal diversity
decreased significantly from the young stage to the near-mature stage and slightly increased
after the overripe stage. The analysis was related to the gradual increase in soil acidity
and the gradual decrease in nutrients in the plantation forest [85], which was consistent
with the results of Dennis [86]. In mixed forests, soil acidity is maintained in a weakly
acidic state, and the broad-leaf tree P. bournei may improve the quality of litter inputs,
while microorganisms can participate in nutrient cycling through litter decomposition,
leading to higher decomposition rates and more nutrients being released into the soil [87],
which in turn affects forest ecology. This process is consistent with the results reported
by Xia et al. on the introduction of Elaeocarpus decipiens Hemsl and Michelia macclurei
broad-leaf trees into Chinese fir monoculture plantations, where the growth of Chinese fir
was promoted and accompanied by changes in soil microorganisms [88].

5. Conclusions

From the perspective of microbiology, the results of this study are presented. The
introduction of P. bournei into a Chinese fir plantation did not affect the number and
diversity of bacterial communities in rhizosphere soil under a single planting pattern,
but the diversity of fungal communities was twice that of the Chinese fir plantation.
Rhizosphere soil nutrients, acid phosphatase, and sucrase were also significantly higher
than in the Chinese fir plantation. Although the soil nutrients increased slightly at the over-
ripening stage, there was still a considerable gap compared with the mixed forest. Therefore,
in order to ensure the sustainable development of Chinese fir plantations, more attention
should be paid to the middle and late stages of the growth of Chinese fir plantations rather
than the early stages. In addition, the construction of mixed forest models should be used
as the main forestry management method.
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Abstract: The rhizosphere microenvironment is crucial to plant—soil physiological processes. The
differences among microbial communities in the rhizosphere and non-rhizosphere peatland topsoil
(0-15 cm) and subsoil (15-30 cm) in five plant communities dominated by Carex schmidtii, Chamaedaphne
calyculata, Ledum palustre, Betula fruticosa, and Vaccinium uliginosum, as well as non-rhizosphere soil
in discontinuous and continuous permafrost regions, were studied. We found that the bacteria and
nifH gene abundances in the C. calyculata rhizosphere soil in the discontinuous permafrost region
were higher than those in continuous permafrost region, while the nirK and nifH gene abundances
in the non-rhizosphere soil of the discontinuous permafrost region were lower than those in the
continuous permafrost region. The ratio of bacteria to fungi decreased and that of nirK to nirS
increased significantly from the discontinuous to the continuous permafrost region, indicating that
permafrost degradation can change soil microbial community composition. Fungal abundance was
higher in the rhizosphere than the non-rhizosphere soils, suggesting that plant roots provide a more
suitable environment for fungi. Moreover, the abundances of the topsoil bacteria; the fungi; and the
nirK, nirS, and nifH genes were higher than those in the subsoil because of the organic matter from
plant litter as a source of nutrients. The microbial abundance in the subsoil was also more affected
by nutrient availability. To sum up, the microbial abundance varied among the different types of
rhizosphere and non-rhizosphere soils, and the carbon and nitrogen cycling processes mediated by
soil microorganisms may be greatly altered due to permafrost degradation under climate warming.

Keywords: bacteria; fungi; nirK and nirS genes; nifH gene; rhizosphere; permafrost peatland

1. Introduction

Plants play indispensable roles in maintaining the structure and functional stability
of wetland ecosystems. Vegetation changes may vastly affect the quality and quantity
of organic matter (OM) returned to soil and its microbes, which integrally influence the
dynamics of soil organic carbon (SOC) [1,2]. The rhizosphere, an area of soil in the vicinity
of 1-2 mm from plant roots, has rich microbial diversity, making it closely related to
biogeochemical processes [3,4]. Root exudates are composed of carbohydrates, amino
acids, fatty acids, enzymes, and other organic compounds that affect soil’s physicochemical
properties, creating differences in the microbial composition and activity in the vicinity
of the roots [5-7]. The rhizosphere’s function is an important subject of the study of
plant-soil interactions in different ecosystems [8]. Previous studies have shown that
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microbial abundance is strongly associated with vegetation and depth in rhizosphere
and non-rhizosphere soils [9,10]. Clarifying the differences in microbial composition
characteristics between rhizosphere and non-rhizosphere soils is conducive to disentangling
the mechanisms of the interaction effects between plants and soil microorganisms under
global warming.

Microorganisms play a fundamental role in soil, regulating various biogeochemical
processes, such as organic matter mineralization and nutrient cycling [11,12]. Soil microor-
ganisms are repositories of nutrients, supplying energy for soil chemical and biological
processes and those nutrients to plants [13-15]. The rhizosphere is critical to microorganism-
driven ecological processes in terrestrial ecosystems, being characterized by high microbial
activity and substrate availability [16]. Typically, the composition and abundance of soil
microbial communities vary significantly depending on the plant species [17]. Plants have
a certain impact on soil indigenous microbial populations, and each plant species selec-
tively so for specific microbial communities. Plant root exudates and residue inputs are
crucial factors that change bacterial community structures [18,19], directly affecting the
decomposition of organic matter or indirectly affecting the soil C and N cycle through the
food web [20]. Thus, the abundance and diversity of soil microorganisms is extremely
important for understanding soil quality and nutrient status, and thus, their study has
always been a hot topic in the contexts of both rhizosphere and non-rhizosphere soil [21,22].
Presently, only a few studies have examined the characteristics of microbial composition in
rhizosphere and non-rhizosphere soil in the permafrost region [16,23].

The Great Xing’an Mountains, the only area in China with a zonal permafrost distri-
bution, are located in the northeast of the country. However, the permafrost wetlands are
gradually degrading to the north with global warming, which may lead to variations in
the plant composition and thus altered microbial communities in the local permafrost peat
fields [24]. The purpose of the current research was to determine the differences in microbial
abundance among different types of permafrost rhizosphere and non-rhizosphere peatland
soil in the Great Xing’an Mountains. Microbial abundance was estimated in two soil layers
(0-15 cm, 15-30 cm). The vegetation was dominated by Carex schmidtii, Chamaedaphne
calyculata, Ledum palustre, Betula fruticosa, and Vaccinium uliginosum in the discontinuous
and continuous permafrost areas. The abundances of bacterial 165 rRNA; fungal ITS; and
the nirK, nirS, and nif H genes were detected using a quantitative polymerase chain reaction
(q-PCR). We hypothesized that (1) the topsoil microbial abundance would be higher than
that of subsoil regardless of the sampling site, (2) the abundance and composition of the
microorganisms would differ between rhizosphere and non-rhizosphere soil at different
depths due to variations in plant root density, and (3) the soil microbial abundance in the
discontinuous permafrost region would be higher than that in the continuous permafrost
region due to an increased substrate availability upon permafrost degradation.

2. Materials and Methods
2.1. Site Description and Sampling

In August 2021, soil samples were collected in the discontinuous permafrost peatland
in Xinlin (51°35'5.74" N-51°36/18.22" N, 124°16'41.13"” E-124°20"14.37" E) and the continu-
ous permafrost peatland in Amur (52°15'03" N-53°33/15" N, 122°38/30"” E-24°05'05" E;
Figure 1). The thawing depths were 45 cm and 55 cm, respectively. The average annual air
temperature and precipitation were —3.6 °C and 498 mm, respectively, in the discontinuous
permafrost region and —5 °C and 430 mm, respectively, in the continuous permafrost
peatland [25].
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Figure 1. Sampling sites in Northeast China.

In each permafrost region, soil samples in three replications were collected at 0-15
and 15-30 cm depths from the rhizosphere of the dominant species Carex schmidtii (Cs),
Chamaedaphne calyculata (Cc), Ledum palustre (Lp), Betula fruticosa (Bf), and Vaccinium ulig-
inosum (Vu). The soil >2 mm away from the roots was carefully collected by hand and
defined as non-rhizosphere (NR) soil. The rhizosphere soil was the 0-2 mm thick layer
of soil attached to the fine roots. Samples were mixed separately from each soil layer of
each plant species at each sampling site, stored in plastic bags, and then refrigerated with
ice bags and transported to the laboratory as soon as possible. Part of the soil sample was
frozen at —80 °C for DNA extraction, and the remaining part was air-dried for further
determination of SOC content, total nitrogen (TN) content, total phosphorus (TP) content,
and pH.

2.2. Soil Carbon, Nitrogen, Phosphorus, and pH Determination

The SOC content was measured via dry combustion using a Multi N/C 2100 analyzer
(Analytik Jena, Jena, Germany). After wet digestion with sulfuric acid, the TN and TP
contents were measured with an AA3 Continuous Flow Analyzer (Seal Analytical, Norder-
stedt, Germany) [26]. The soil pH was determined at a water-to-soil ratio of 10:1 using a
calibrated pH meter (PHS-25, Shanghai, China).

2.3. DNA Extraction and Functional Gene Abundance Assay

DNA was extracted from 0.3 g of fresh soil using a FastDNA Spin Kit for Soil (MPbio,
Santa Ana, CA, USA), following the manufacturer’s instructions. The DNA concentrations
were determined with a NanoDrop® ND-1000 UV-Vis spectrophotometer (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Before functional gene analysis, the extracted DNA
was stored inside a —20 °C freezer. The abundances of bacterial 16S rRNA; fungal ITS;
and the nirK, nirS, and nifH genes were examined with real-time PCR (RT-PCR) using
an ABI StepOne instrument (Applied Biosystems, San Francisco, CA, USA) with SYBR
green dye. The RT-PCR analysis was replicated three times for each soil sample. The PCR
amplification procedures and primers for each target gene are shown in Table 1. Each
25 uL PCR reaction mixture included 12.5 uL of SYBR Buffer (TaKaRa, Beijing, China),
0.4 pL of each primer (10 uM), 0.5 uL of ROXII (TaKaRa), 0.88 uL of 3% BSA, 0.63 uL
of DMSO, and 10 ng of template DNA. Standard curves were generated by purifying
phylogenetic and functionally labeled amplicon products using a Cyclic Purification Kit
(OMEGA Bio-Tek, Norcross, GA, USA); they were then attached to the vector pMD18-T
(TaKaRa) and converted to TOP10 Escherichia coli. competent cells. Plasmids were extracted
using the Plasmid Mini Kit (OMEGA Bio-Tek). The plasmid specificity was detected with
the Basic Local Alignment Search Tool [27], and the plasmid concentration was determined
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via Nanodrop 2000 (Thermo, Waltham MA, USA). We obtained the standard curve with
successive dilution of the known-copy-number plasmids.

Table 1. Primers and amplification procedures for soil microbial functional genes.

Group Primer Sequence (5'—3/) Amplification Details Reference
Bacteri Bacteria-338F CCTACGGGAGGCAGCAG 95 °C, 2 min, 35 cycles; 95 °C, 30 s; 60 °C, 30 s; 28]
acteria  Bacteria-518R  ATTACCGCGGCTGCTGG 72°C,305; 80 °C, 15 s
Funei ITSIF TCCGTAGGTGAACCTGCGG 94°C,15min; 94 °C,305s;59.4°C,30s;72°C,30s; [29]
& 5.85 CGCTGCGTTCTTCATCG 80 °C, 30's, 35 cycles
95 °C, 10 min; 6 touchdown cycles: 95 °C, 15 s;
nirk FlaCu ATCATGGTSCTGCCGCG 63 OC, 30s (71 OC); 72 OC, 30 s; and 95 OC, 15 s; [301
R3Cu GCCTCGATCAGRTTGTGGTT 58 °C,30s;72°C,30s; 80 °C, 30 s, 35 cycles
) cd3aF GTSAACGTSAAGGARACSGG 95 °C, 10 min; 94 °C, 1 min; 57 °C, 1 min; 72 °C, 31]
nirS R3cd GASTTCGGRTGSGTCTTGA 1 min; 83 °C, 30 s, 40 cycles
nifH PolF TGCCAYCCSAARGCBGACTC 95 °C, 10 min, 40 cycles; 95 °C, 15s; 60 °C, 30 s; 132]
PolR ATSGCCATCATYTCRCCGGA 72°C,30s;80°C,15s

2.4. Statistical Analyses

SPSS software (v. 16.0) was used to analyze the data. One-way analysis of variance
(ANOVA) with LSD multiple comparison was used to determine the significant differences
in the abundances of bacteria, fungi, and functional genes in the rhizospheres of the
different plant species and the non-rhizosphere soil of each sampling site, and three-way
ANOVA was performed to test the significant effects of the plant species, soil depth, and
sampling site and their interactions on the SOC, TN, TP, and pH values and soil microbial
abundances. The relationship between the soil chemical properties and the microbial
abundances was analyzed using redundancy analysis (RDA). All data were tested for
normality (S-W test) prior to the ANOVA and were distributed normally. The significance
of the statistical analysis was considered to be at the p < 0.05 level. Origin8.5 was used
for mapping.

3. Results
3.1. SOC, TN, TP, and pH Values

Figure 1 shows the SOC, TN, TP, and pH values at different depths of rhizosphere
and non-rhizosphere soils from the two permafrost regions. These results indicate that the
subsoil organic carbon content was lower than that of the topsoil at both sampling sites,
and the SOC content in the discontinuous permafrost region was higher than that in the
continuous permafrost region (Figure 2a,e). The subsoil TN content values under Cs and
Bf were apparently higher than those of the topsoil in the discontinuous permafrost, and
similar patterns were observed for Cs and Bf across the different sampling sites (Figure 2b,f).
Overall, the soil TP content (Figure 2¢,g) and pH values (Figure 2d,h) under the same species
in the continuous permafrost region were clearly higher than those in the discontinuous
permafrost region.
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Figure 2. SOC, TN, TP, and pH values in rhizosphere and non-rhizosphere soils at different depths
from (a—d) discontinuous permafrost peatland and (e-h) continuous permafrost peatland. Cs, Carex
schmidtii; Cc, Chamaedaphne calyculata; Lp, Ledum palustre; Bf, Betula fruticosa; Vu, Vaccinium uliginosum;
NR, non-rhizosphere soil. Error bars represent the standard error (1 = 3).

3.2. Abundances of Bacteria and Fungi

The bacterial and fungal abundances in the topsoil were higher than those in the
subsoil in both permafrost regions (Figure 3). In the discontinuous permafrost region,
the Cc rhizosphere soil and non-rhizosphere soil had the highest and lowest bacterial
and fungal abundances, respectively. Moreover, the bacterial abundance was significantly
higher at both soil depths in the Cc rhizosphere soil in the discontinuous permafrost region
compared with that in the continuous permafrost region (p < 0.05). The bacterial abundance
in the Vu rhizosphere topsoil was higher than those in the Cs and Lp rhizosphere soils
(p < 0.05), and the fungal abundance in the Vu rhizosphere subsoil was higher than those
in the Cs and Lp rhizosphere soils (p < 0.05; Figure 3a,b). In the continuous permafrost
region, the topsoil bacterial abundance in the Lp rhizosphere was the highest, while that
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in the Cs rhizosphere soil was the lowest (Figure 3d). The fungal abundances in the Lp
rhizosphere soil at both depths were higher than those in the other investigated soils, while
the non-rhizosphere soil had the lowest fungal abundance. The fungal abundance in the Vu
rhizosphere topsoil was significantly lower than those in the Lp and Bf rhizosphere soils (p
< 0.05). The subsoil fungal abundance under Cs was higher than those in the Bf and Vu
rhizosphere soils (p < 0.05; Figure 3e). The ratio of bacteria to fungi decreased significantly
from the discontinuous permafrost region to the continuous permafrost region (Figure 3c,f).
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Figure 3. Bacterial and fungal abundances in rhizosphere and non-rhizosphere soils of (a—c) dis-
continuous permafrost peatland and (d—f) continuous permafrost peatland. Cs, Carex schmidtii;
Cc, Chamaedaphne calyculata; Lp, Ledum palustre; Bf, Betula fruticosa; Vu, Vaccinium uliginosum; NR,
non-rhizosphere soil. Different letters indicate significant differences at the p < 0.05 level. Error bars
represent the standard error (n = 3).

3.3. Abundance of Denitrifying Bacteria

The numbers of nirK and nirS gene copies were used to express the abundance of
denitrifying bacteria. The abundance of denitrifying genes was consistently higher in the
topsoil compared to the subsoil in both permafrost regions (Figure 4). The Cs rhizosphere
topsoil had the highest abundances of the nirK and nirS genes, and the lowest abundances of
these genes were found in the Lp and Cc rhizosphere soils in the discontinuous permafrost
region. The abundances of the nirK and nirS genes in the Cc and Vu rhizosphere subsoils
were substantially lower than those in the other soils investigated (Figure 4a,b). In the
continuous permafrost region, the abundance of the nirK gene in the non-rhizosphere soil
was remarkably higher than in the other investigated rhizosphere soils, and the highest
nirS gene abundance occurred in the Bf rhizosphere topsoil (p < 0.05; Figure 4d,e). The
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ratio of nirK to nirS significantly increased from the discontinuous permafrost region to the
continuous permafrost region (Figure 4c,f).
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Figure 4. Abundances of nirK and nirS genes in rhizosphere and non-rhizosphere soils at different
depths in (a—c) discontinuous permafrost peatland and (d—f) continuous permafrost peatland. Cs,
Carex schmidtii; Cc, Chamaedaphne calyculata; Lp, Ledum palustre; Bf, Betula fruticosa; Vu, Vaccinium
uliginosum; NR, non-rhizosphere soil. Different letters indicate significant differences at the p < 0.05
level. Error bars represent the standard error (n = 3).

3.4. Abundance of N-Fixing Bacteria

The number of nifH gene copies was used to express the abundance of N-fixing
bacteria. We found that the nifH gene abundance in the topsoil was higher than that in the
subsoil at the different sampling sites (Figure 5). In the discontinuous permafrost region,
the nifH gene abundance in the Cc rhizosphere soil was clearly higher than those in the
other soils investigated, and the same pattern was observed in the non-rhizosphere soils
of the continuous permafrost region (p < 0.05; Figure 5a,b). The nifH gene abundance in
the Cs rhizosphere soil was higher than those observed in the other rhizosphere soils (Cc
excepted) in the discontinuous permafrost region, while it was the lowest in the continuous
permafrost region (p < 0.05).
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Figure 5. Abundance of the nifH gene in rhizosphere and non-rhizosphere soils in (a) the peatland
of the discontinuous permafrost region and (b) the peatland of the continuous permafrost region.
Cs, Carex schmidtii; Cc, Chamaedaphne calyculata; Lp, Ledum palustre; Bf, Betula fruticosa; Vu, Vaccinium
uliginosum; NR, non-rhizosphere soil. Different letters indicate significant differences at the p < 0.05
level. Error bars represent the standard error (n = 3).

3.5. Effects of Vegetation Type, Soil Depth, and Permafrost Type on Soil Bacteria, Fungi, and
Functional Gene Abundances

The results of the three-way ANOVA indicated that the bacterial abundance was
significantly influenced by the vegetation type and the soil depth (p < 0.01). The interaction
effects between the permafrost type and the soil depth significantly affected the bacterial
abundance (p < 0.01). The interaction effects between the vegetation type and the soil depth
also significantly affected the soil bacterial abundance (p < 0.05). The fungal abundance was
significantly influenced by the vegetation type (p < 0.01). The interaction effects between
the permafrost type and the soil depth and between the vegetation type and the soil depth
significantly affected the fungal abundance (p < 0.05). Furthermore, the interaction effects
among the vegetation type, permafrost type and soil depth had a significant impact on the
abundance of nirK (p < 0.01; Table 2). The abundance of nirS was significantly influenced
by the vegetation type and the permafrost type (p < 0.05). Furthermore, the interaction
effects among the vegetation type, permafrost type, and soil depth had a significant impact
on the abundance of nirS (p < 0.01). The interaction effects between the vegetation type and
the permafrost type and among the vegetation type, permafrost type, and soil depth had a
significant impact on the abundance of nifH (p < 0.01).

Table 2. Results of three-way ANOVA on individual and interactive effects of vegetation type, soil
depth, and permafrost type on soil bacteria, fungi, and functional gene abundances (* p < 0.05,

**p <0.01).

Factor Bacteria Fungi nirK nirS nifH

Vegetation Type 3.814 ** 3.819 ** 13.470 ** 2.671* 0.611

Soil Depth 8.640 ** 0.862 76.677 ** 1.323 1.636

Permafrost Type 0.360 1.591 47.942 ** 0.123 0.000
Vegetation Type x Permafrost Type 0.699 0.606 48.258 ** 2.728* 8707 **

Permafrost Type x Soil Depth 9.520 ** 6.22* 29.046 ** 0.001 0.376
Vegetation Type x Soil Depth 2.274 % 3.475% 52.467 ** 1.979 2.312*%

Vegetation Type x Permafrost Type

3% *3% 3%
* Soil Depth 1.005 1.756 17.412 5.283 4.101

The RDA results revealed that the SOC, TP, and pH were significant factors explaining
the variations in the surface soil bacteria; fungi; and nirK, nirS, and nif H gene abundances
at both sampling sites (p < 0.05; Figure 6a), in which the TP had the highest explanatory
power (29.6%), followed by the pH (18.8%) and SOC (3.8%). For the subsoil, variations in
the bacteria; fungi; and nirK, nirS, and nifH gene abundances were significantly explained
by the pH, TP, TN, N/P, and SOC (p < 0.05; Figure 6b). Among them, pH had the highest
explanatory power (39.7%), followed by the TP (20.8%) and the TN (6.2%).
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Figure 6. Redundancy analysis (RDA) of the relationships between (a) topsoil and (b) subsoil bacteria,
fungi and functional gene abundances, and soil chemical characteristics in different permafrost
regions. Note: open circles represent different plant species. C- and D- indicate continuous and
discontinuous permafrost regions, respectively. Cs, Carex schmidtii; Cc, Chamaedaphne calyculata; Lp,
Ledum palustre; Bf, Betula fruticosa; Vu, Vaccinium uliginosum; NR, non-rhizosphere soil.

4. Discussion
4.1. Differences in Soil Microbial Abundance between Rhizosphere and Non-Rhizosphere Soil

The results of our study have demonstrated that the bacterial and fungal abundance in
the rhizosphere soil were higher than those in the non-rhizosphere soil in the discontinuous
permafrost region, which is consistent with hypothesis 2. The same pattern was revealed
for fungi in the continuous permafrost region, but not for bacteria in the rhizosphere and
non-rhizosphere soils (Figure 3). Our results were in accordance with previous studies
that have suggested that the number of bacteria in non-rhizosphere soil is lower than that
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in rhizosphere soil and this pattern is soil-environment-dependent [9,10]. Diverse plant
species growing on the same soil host their own specific microbial communities, confirming
that plants can shape their rhizosphere microbiomes [16,33-36]. Generally, bacteria are
a substantial biological group of soil microorganisms due to their large amounts in soil
and act as an indispensable driver that is greatly regulated by substrate availability in
ecosystems [37]. The abundance of fungi in rhizosphere soil was greater than that of
non-rhizosphere soil independently of region, indicating that rhizosphere soil is conducive
to the growth and propagation of fungi given the high substrate availability from root
debris and exudate. Additionally, the majority of the nutrient shift between plants and
microbial communities took place directly in rhizosphere soil, which was different from
non-rhizosphere soil, which induced higher bacterial and fungal abundances [38]. We
also observed that the fungal abundance varied in the rhizosphere soils of different plant
species, mainly due to the fact that different vegetation types have varying effects on
soil physicochemical properties, leading to obvious differences in soil fungal community
structure and quantity [39,40].

In this study, except for in the topsoil under Betula fruticosa, the abundances of the nirK
and nirS genes in rhizosphere soil were clearly lower than those in non-rhizosphere soil in
the continuous permafrost region. This is consistent with the research of Nie et al. (2014),
who verified that denitrifying functional gene amplification resulted in fewer denitrifiers
in rhizosphere soil [41]. The reasons may be that oxygen secretion from plant roots may
induce an oxygen gradient in those roots, which is not conducive to denitrification [42], and
non-rhizosphere soil provides more substrate sources for denitrifying microorganisms on
account of plant competition shortage [43]. Bremer et al. (2007) revealed that plants could
directly induce variations in the composition of the nirK-type denitrifier through root exu-
dates [44]. We also observed that the abundances of the nirK and nirS genes in rhizosphere
and non-rhizosphere soils under the same (both sampling sites) and different plant species
were markedly different. This was relevant to the differences in the microenvironment and
the root exudates in the plant rhizospheres, similarly to the results of previous research,
suggesting that the nirK and nirS genes” abundances in rhizosphere and non-rhizosphere
soils from different sites and plants differed remarkably [45].

4.2. Differences of Soil Microbial Abundance in Topsoil and Subsoil

In accordance with hypothesis 1, our results clarified that the abundances of bacteria;
fungi; and the nirK, nirS, and nif H genes in the topsoil were greater than those in the subsoil
in the permafrost region. The reason may be that the surface layer harbors more organic matter
from plant litter and roots, which acts as a source of nutrients for soil microorganisms and
increases the abundances of bacteria; fungi; and the nirK, nirS, and nifH genes. Plant roots can
continuously produce organic matter into rhizosphere soil [46,47]. There are some researchers
who have demonstrated that the primary food source of soil microbes closely associated
with plants is root exudates, which are essential for microbial population enrichment in
rhizosphere soil with high substrate availability [48]. Moreover, topsoil contains more
nutrients than subsoil, which is beneficial to the reproduction of microorganisms. How-
ever, not only is the interaction between plants and microorganisms a prime factor in
determining the composition of rhizosphere microbial communities, but the competitive in-
teractions among microorganisms are the fundamental cause of differences in soil microbial
abundance [49].

We discovered that vegetation type and soil depth had remarkable influences on
soil microbial abundances, and the complex interactions between vegetation type and
permafrost type or among vegetation type, permafrost type, and soil depth were of similar
importance to the distribution of soil microbial abundance, which is in line with our
hypotheses. Previous studies have found that soil microbial communities under diverse
plant species could differ dramatically in their abundance and composition [17,50], and
the magnitude and structure of each microbial community in rhizosphere soil is chiefly
regulated by soil type [51,52].
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4.3. Differences in Soil Microbial Abundances in Different Types of Permafrost

Previous studies have shown that constantly produced organic compounds are ex-
creted into the soil through roots that modulate microbial growth and reproduction [46,47].
In our research, we only observed that the abundances of bacteria and the nifH gene in the
C calyculata rhizosphere soil of the continuous permafrost region were lower than those of
the discontinuous permafrost region, which is in accordance with hypothesis 3. Vegetation
succession under the influence of global climate change may cause a series of variations in
the connection between plants and microorganisms, which will subsequently alter nutrient
cycles. The reasons for these discrepancies could be due to the facts that C. calyculata may
be more sensitive to temperature and precipitation and that the higher air temperature and
precipitation in the discontinuous permafrost region are conducive to the physiological
activity of C. calyculata, inducing the releases of more soil-available nitrogen and other
nutrients utilized by microorganisms.

Furthermore, the higher air temperature and precipitation in the discontinuous com-
pared with the continuous permafrost region are conducive to increasing the soil tem-
perature and moisture, which can directly increase the activity of soil microorganisms.
The results of the RDA indicated that soil TP and pH significantly positively correlated
with soil bacterial and fungal abundances in permafrost peatland soils, suggesting that
the abundances of soil bacteria and fungi may be limited by soil phosphorus content and
acidic condition, while increases in soil TP content and pH can stimulate their abundances.
The abundances of the nirK and nifH genes in the non-rhizosphere soil in the continu-
ous permafrost region were higher than those in the discontinuous permafrost region,
as permafrost degradation is caused by climate warming. This could induce the nitrite
reduction step of denitrification while limiting nitrogen fixation, resulting in reductions in
the nirK and nifH genes. Previous studies have revealed that the mean annual precipitation
in the discontinuous permafrost region is higher than that in the continuous permafrost
region, leading to higher soil moisture content. This is not conducive to denitrifying or
nitrogen-fixing bacteria [25]. We found that the ratios of bacteria to fungi increased and that
of nirK to nirS significantly decreased from the continuous to the discontinuous permafrost
region, indicating that permafrost degradation may shift the soil microbial community
composition and the bacteria, specifically denitrifying bacteria (nirK) domination. This
dominance of bacteria promotes soil organic matter decomposition, as labile substrates
favor bacteria more than fungi, inducing more carbon to probably take part in cycling
processes with permafrost degradation under climate warming [53,54].

5. Conclusions

The abundance of bacteria was more sensitive to permafrost degradation, leading
to the release of more available nutrients that were conducive to bacteria growth and
propagation in the rhizosphere soil. The characteristics of the nif H gene abundance in the
varied permafrost region revealed that permafrost degradation is not conducive to soil
microbial nitrogen fixation without the indirect effect of plants. The abundance of fungi
in the rhizosphere soil was greater than that in the non-rhizosphere soil independently
of the sites. The non-rhizosphere soil provided more substrate sources for denitrifying
microorganisms as a lack of plant competition. Topsoil with more organic matter from
plant litter induced higher abundances of bacteria; fungi; and the nirK, nirS, and nifH
genes as compared to subsoil that is limited by nutrients in the permafrost region. Our
study highlights the microbial abundances in different plant rhizosphere soils, varying
with landscape changes, that may greatly impact carbon cycling under climate warming.
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