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Abstract: Long-term monocultures of tea and the excessive use of chemical fertilizer lead to the
degradation of soil quality. Improving the soil quality of ex-tea plantations through vegetation
restoration is an important task. However, the changes in soil nutrients, fungal communities, and the
effects of microorganisms on soil nutrients after reforestation remain unclear. Therefore, in this study,
we aimed to explore the effects of Pinus and Chinese fir on soil nutrients and fungal communities
in ex-tea plantation areas that were subjected to the reforestation modes of pure forest and mixed
forest by measuring soil chemical properties and ITS rRNA gene sequences. The results showed
that (1) after reforestation, the relative normalized difference vegetation index (NDVI) of the Mixed
forest, Mixed Pine and Mixed Fir areas increased (p < 0.05) compared to that of pure forest; (2) the soil
organic carbon (SOC), total nitrogen (TN), and N:P ratios of the mixed forest increased by an average
of 54%, 90%, and 299% (p < 0.05) compared to pure forest, whereas the total phosphorus (TP) and
available potassium (AK) decreased by an average of 39% and 89% (p < 0.05); and (3) there was no
significant difference in the diversity of the fungal communities of the pure and mixed forests, but the
fungal phyla Mucoromycota, Glomeromycota, and Rozellomycota were significantly different in the
pure and mixed forests. This differing microbial composition led to a significant increase (p < 0.05)
in symbiotrophs (ecotomycorhizal, ericoid mycorhizal) in the mixed forest, which was negatively
correlated with the soil TP and positively correlated with the TN and the N:P ratio. In addition,
there was also a significant decrease (p < 0.05) in complex nutrient types (ectomycorrhizal-fungal
parasite-plant saprotroph-wood saprotroph), which were negatively correlated with the SOC and TN,
and arbuscular mycorrhizas, which were positively correlated with the TP. Our results show that the
chemical properties of soils and the structure of the fungal communities changed significantly due
to the reforestation of Chinese fir and Pinus, and the mixed forest mode of reforestation was more
conducive to improving the soil quality; therefore, a mixed forest of Chinese fir and Pinus can be used
to improve degraded soils in ex-tea planting areas.

Keywords: tea plantation; Cunninghamia lanceolata; Pinus massoniana; soil nutrients; soil fungal

community

1. Introduction

As the world’s largest tea producer [1], China accounted for 55% (2.2 million hectares)
and 41% (2.5 million tons) of the world’s total tea area and production in 2017 [2]. The
tea planting area of Fujian, in south-east China, reached 207,100 hectares, ranking fifth in
China, whereas its tea production reached 395,000 tons, ranking first in China [3]. With
the increasing demand for tea, the area of monoculture tea plantations has increased [4,5].
However, long-term tea monocultures may cause changes in the soil structure (i.e., soil
compaction) and soil nutrients (i.e., the degradation of soils’ physicochemical properties
and imbalances in soil nutrients), and tea farmers promote the growth and quality of tea by
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applying chemical fertilizers [6]. However, excessive fertilization has led to environmental
pollution, soil acidification [7], declines in microbial diversity and beneficial microorgan-
isms in tea plantations [8], and increasingly severe water and soil losses, which have also
restricted the economic benefits of tea plantations [9]. The soil’s microbial functional diver-
sity is extremely sensitive to changes in the soil microenvironment, whereas fungi seem
to be more sensitive than bacteria to plant changes [10,11]. Soil fungal species in forests
play an important role in soil functions, the decomposition of organic matter, and plant
nutrient cycling [12]. Therefore, it is important to study the responses of fungal community
activities and functions to forest change.

In general, conservation tillage (i.e., farming measures, methods, and systems) and
biological measures (i.e., vegetation restoration) are used to alleviate these environmental
problems [13]. For example, proper management with organic fertilizer replacement
can effectively reduce soil problems in tea plantations and improve tea production and
quality [14]. Changing the method of fertilization promotes the formation of organic
matter in the soil surface layer of a tea garden and improves the yield and quality of the
tea [15]. Importantly, the quality of the tea can be improved by reducing nitrogen fertilizer
application and intercropping tea and soybeans [16]. Affected by its complex geological
structure, Anxi county has a high degree of fragmentation (leading to soil erosion). In
addition, the local residents have reclaimed low-quality tea gardens with a large number
of steep slopes for the development of the tea industry, but they have not paid attention
to the protection of the environment, which has resulted in serious water erosion [17].
Conservation tillage measures are insufficient to improve some areas with relatively fragile
environments. An effective way to improve the environment is vegetation restoration,
which has both ecological and economic benefits [18]. Therefore, in order to cope with the
problem of soil degradation caused by tea planting, the local government has implemented
the policy of returning tea plantations to forests.

The tree species is the crucial factor affecting the quality of reforestation, and tree
species that grow quickly, survive well and are easy to obtain are suitable choices [19].
In recent years, high-throughput phenotyping using unmanned aerial vehicles (UAVs)
equipped with multiple sensors for close-range remote sensing has become a promising
technology to overcome these limitations [20,21]. Among satellite remote-sensing tools,
the spectral vegetation index is widely used to monitor vegetation [22], and acquiring
multi spectral vegetation index data with UAV technology has become a valuable tool in
monitoring and measuring vegetation growth and coverage. The normalized difference
vegetation index (NDVI) accurately reflects the photosynthetic intensity, metabolic intensity,
greenness and the seasonal and annual changes of vegetation, as well as representing the
growth status, biomass, coverage and other important indicators of plants [23]. Chinese fir
(Cunninghamia lanceolata (Lamb. Hook.)) is a fast-growing subtropical evergreen coniferous
tree species, and it is also used for timber production in southern China as a primary
species [24,25]. Pinus massoniana L. is a fast-growing species that has a strong resilience
to low-quality soils, and thus it has been widely planted in degraded areas in China [26].
Previous studies have reported that transplanting Pinus and Chinese fir into degraded
soil restored the stability of the soil functions and improved the soil’s physicochemical
properties [27,28]. The artificial forests in Anxi county are predominantly coniferous forests
composed of Chinese fir and Pinus massoniana. Under the continuous policy and with
guarantees of financial input, breeding programs of the main forested tree species and
a stable source of seedlings have been achieved in Fujian for forestry production and
development [29].

Studies have assessed the positive ecological benefits (i.e., increased forest cover, im-
proved forest quality, the slowing of forest decline and improved forest ecosystem services)
brought by the implementation of returning tea plantations to forests [18]; However, in re-
gions with fragile environments, the effects of reforestation on the soil’s chemical properties,
the soil’s fungal diversity and abundance and the community’s composition and functional
diversity have not been well investigated after the implementation of this policy. Therefore,
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we studied the pure and mixed forest in an ex-tea plantation area to understand the changes
in the forest soil nutrients, the soil fungal community and the associated linkages. The goals
of this study were to (1) clarify the impact of pure and mixed forest on the soil nutrient
contents in an ex-tea plantation area; and (2) explore the effects of afforestation methods
on fungal diversity and community composition and functions, as well as to clarify the
relationships between the changes in the soil chemical properties and fungal communities.

2. Materials and Methods
2.1. Study Area

The study was carried out on the Fengtian state-owned forest farm in Anxi county
(25°16’-25°20" N, 118°1’~118°57' E), Fujian, China (Figure 1), which contains sample plots
that used to be tea plantations, and exhibits a typical subtropical monsoon climate. It
is characterized by abundant rainfall in summer, with an average annual precipitation
of 1800 mm. The annual average temperature is 19.5 °C, with an extreme minimum
temperature of 0 °C and an extreme maximum temperature of 37 °C. The altitude ranges
from 500 m to 650 m. The soil is yellow-red soil developed from granite parent rock. The
depth of the solum is up to 60 cm.
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Figure 1. Study site map (a) and layout of sampling plots (b). Fir, pure C.lanceolata forest; Pine, pure
Pinus forest; Mixed, mixed forest of C. lanceolata and Pinus.

2.2. Experimental Design and Soil Sampling

Three plots of pure and mixed forest (Fir: pure C.lanceolata forest, Pine: pure Pinus
forest, Mixed: mixed forest of C.lanceolata and Pinus) were set up (Table 1), and two
20 m x 20 m sampling points were established in each plot. The distances between selected
points were maintained between 6 m and 10 m. There were no other tree species in the pure
forest, and the proportions of the mixed forests were 5:5. The stand ages were 24-27 years.
The land use history of each forest was determined based on the management records
of Fengtian state-owned forest farm. Forests have been re-established in the area since
the 1990s and this site was previously used as tea plantations. Thinning and tending had
been conducted at the initial stage of afforestation, and no artificial interference occurred
thereafter. All of the selected plots were located on slopes with similar angles (around
25°-30°) and elevations (around 550 to 650 m) to reduce the effects of the slope angle and
elevation on the soil properties.
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Table 1. Basic conditions of the experimental forest stand.

. Stand . Average Average Tree . 1
Forest Type Tree Species Age (years) Elevation/m DBH (cm) Height (m) Density (ha—1)
Fir Cunninghamia lanceolata 27 500 19.6 13.6 1604
Pine Pinus massoniana 23 555 12.9 14.2 1689
Mixed Pinus massoniarna 24 650 253 17.0 1868

Cunninghamia lanceolata

Elevation is above sea level; DBH: diameter at breast height; Fir: pure C.lanceolata forest; Pine: pure Pinus forest;
Mixed: mixed forest of C. lanceolata and Pinus.

The soil profile survey method and stratified sampling were used to collect the soil
samples. First, the litter and humus layers were removed, trees with similar diameters at
breast height (DBH) were selected and the rhizosphere soil attached to the root surfaces
was collected [30]. Soil samples from three trees near five points were mixed, and the
samples from the same site in each plot were mixed into six composite samples [31]. In
total, 18 composite samples were collected. Approximately 2 g of fresh soil was placed in
sterile centrifuge tubes, transported in dry ice and stored at —80 °C. The other part was
air-dried in a cool place for the analysis of the soil’s chemical properties.

2.3. Unmanned Aerial Vehicle Image Acquisition and Processing

We used a DJI Phantom 4 drone (DJI, Shengzhen, China) as a flight platform, which
was equipped with a multispectral camera (DJI, Shengzhen, China). The camera system
consisted of six lenses that could capture blue, green, red, red edge, near-infrared (NIR),
and visible (RGB) parts of the spectrum. The drone was flown 150 m above the ground,
capturing images with an 85% overlap and 85% side lap. The images were acquired on
October 20, 2020 from 12:00 to 14:00 to ensure that the multispectral camera captured the
maximum sunlight required for the elimination of reflections and shadows [32]. Specific
information about the DJI Phantom 4 Multispectral drone is available online: https://www.
dji.com/cn/p4-multispectral /specs (accessed on 3 February, 2023).

DJI Terra version 3.0.0 (https://www.dji.com/cn/downloads/softwares/dji-terra
(accessed on 3 February, 2023)) software was used to splice the images obtained during
each flight mission. In total, 264 (Fir), 462 (Pine) and 444 (Mixed) images were collected,
and three orthophotos of the different plantation types were generated by importing the
images into the DJI Terra software. The 2-D multispectral template was selected as the
reconstruction type, and the WGS-84 coordinate system and the high-definition parameters
were selected [33]. We calculated the normalized difference vegetation index (NDVI) using
ArcGis (version 10.6.1) and following the calculation formula [34]:

NDVI = (NIR — Red))/((NIR + Red)). )

2.4. Analysis of Soil Chemical Properties

The soil samples were sieved through a 0.149 mm mesh sieve, and 200 mg of soil was
used for soil organic carbon (SOC) and total nitrogen (TN) analyses, which were conducted
using the dry combustion method in a CN elemental analyzer (Vario MAX, Elementar,
Frankfurt, Germany) [28]. After wet digestion of 100 mg of soil using HNO3-HCIOy, the
total phosphorus (TP), Ca, Fe, Na, Mg and Al contents were analyzed via inductively
coupled plasma atomic emission spectrometry (ICP-OES, PerkinElmer, Waltham, MA,
USA). The available K (AK) was measured following the methods of Hou et al. [28].

2.5. Soil Fungal DNA Extraction and Sequencing
The soil deoxyribonucleic acid (DNA) was extracted from 0.6 g of fresh soil using an
E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufac-

turer’s instructions. The DNA quantity and quality were determined using a NanoDrop
2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The DNA quality and
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purity were determined via electrophoresis on 1% agarose gel, and the extracted DNA was
stored at —80 °C before use.

The internal transcribed spacer 1 (ITS1) region of the fungal ribosomal ribonucleic acid
(rRNA) gene was analyzed using the primers ITS1 (5-CTTGGTCATTTAGAGGAAGTAA-
3) and ITS2 (5-TGCGTTCTTCATCGATGC-3') [35]. Polymerase chain reaction (PCR)
amplification was conducted in a 25 pL reaction system containing 30 ng of DNA template,
12.5 uL of 2 x Taq Plus Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China), 1 uL of
5 uM forward and reverse primers, 3 pL of 2 ng/pL bovine serum albumin (BSA, New
England Biolabs, Ipswich, MA, USA), and ddH;O. The PCR amplification was performed
as follows: predenaturation at 94 °C for 5 min; 34 cycles of denaturation at 94 °C for 30 s,
renaturation at 55 °C for 30 s, extension at 72 °C for 60 s and a final extension at 72 °C for
7 min. The PCR products were tested using 1% agarose gel and were purified using the
Agencourt AMPure XP system (Beckman Coulter Commercial Enterprise Co., Ltd., Beijing,
China). High-throughput sequencing of the ITS was performed using the Illumina MiSeq
PE300 sequencing platform at Allwegene Company (Beijing, China).

The ITS gene sequences were clustered using QIIME (version 1.8.0) software [36].
Vsearch (version 2.7.1) software was used to perform quality filtering and pruning, noise
removal (error correction), end-to-end reading and merging, mosaic removal and classifica-
tion assignments.

2.6. Statistical Analysis

Soil fungal community alpha diversity (Chaol and Shannon indexes) and beta diver-
sity were analyzed using the QIIME platform. FUNGuild v1.0 [37] was used to determine
the functional groups of fungi, and fungi identified as the complex trophic type were
included in the category of “complex nutrient type”, whereas symbiotic fungi continued
to be subdivided into three different types and fungal functional groups that accounted
for a very small proportion after statistical analyes were also included in the category of
“others”. One-way analysis of variance (ANOVA) based on Duncan’s test (p < 0.05) was
performed to test the differences in the soil chemical properties, fungal diversity and fungal
functional communities. The statistical analyses were conducted using SPSS Software
(version 19.0, IBM, Chicago, IL, USA). The “vegan” R package [38] was used to conduct
redundancy analysis (RDA) to investigate the relationship between the dominant fungi
and the soil’s chemical properties. The corr.test function in the R package “psych” [39] was
used to conduct Pearson’s correlation analysis between the fungal functional groups and
soil chemical properties and the “circle” R package [40] was used to map the correlations.
The analyses were performed in R 4.2.1 software.

3. Results
3.1. NDVI under Different Planting Modes

The analysis of variance showed that the relative NDVI values of the pure forest and
mixed forest were significantly different (Figure 2). Compared with the pure forests (Fir
(Figure 2A), Pine (Figure 2B)), the relative NDVI value of the mixed forest (Figure 2C) was
higher (p < 0.05), with a range of 1.32-1.39. In addition, the relative NDVI values of the
Mixed Pine and Mixed Fir in mixed forests were also significantly higher (p < 0.05) than
those of the Fir and Pine, with the maximum values of 1.36 (Mixed Pine) and 1.39 (Mixed
Fir) (Figure 2D). The results showed that compared with the pure forest, the mixed forest
showed a significantly (p < 0.05) altered state of plant growth.

3.2. Soil Chemical Properties

The chemical properties of the soils were significantly different under different af-
forestation models (Table 2). Compared with the fir forest, the contents of SOC and TN
and the N:P ratio of the mixed forest were higher, with increases of 53%, 90% and 299%
(p < 0.05), whereas the soil’s TP and C:N ratio were an average of 51% and 20% lower
(p < 0.05). The s0il SOC, TN and C:N ratio of the Fir and Pine areas were not significantly
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different, but the soil TP and AK of the Pine area were 39% and 89% lower (p < 0.05), on
average, and the soil N:P ratio was 74% higher (p < 0.05). In addition, compared with the
chemical properties of the tea garden in the same area, the contents of SOC and TN after
afforestation were higher, but the contents of TP and AK were decreased. Concerning the
soil’s element contents, soil Ca and Al decreased significantly (p < 0.05) from the Fir and
Pine areas to the Mixed area, and the soil Fe of the Mixed area was significantly decreased
compared with that of the Fir area, but the soils’ Na and Mg contents were not significantly
different (Table S1).

High
NDVI grade W Hie
s Low

HH e

Ho

—_—
=

Relative NDVI value
=
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0.0

Fir Pine Mixed Mixed Mixed
Pine Fir

Figure 2. Experimental plots and vegetation indexes of pure forest and mixed forest, (A): Fir, pure
C. lanceolata forest; (B): Pine, pure Pinus forest; (C): Mixed, mixed forest of C. lanceolata and Pinus;
(D): relative normalized difference vegetation index (NDVI) value; the NDVI values are mean values
of these selected rectangles, different letters (a—c) indicate significant differences at the 0.05 level;
Mied Fir: C. lanceolata in Mixed; Mixed Pine: Pinus in Mixed. The red rectangles denote Chinese fir
and the black rectangles denote Pinus.

3.3. Diversity and Structure of Fungal Communities in Different Forests

We compared the fungal communities in the pure forest and mixed forest (Figure 3).
In total, 1,424,967 clean reads were sequenced. The associated fungi belonged to 14 phyla,
42 classes, 124 orders, 253 families, 513 genera and 782 species. There were 569, 343 and
322 specific operational taxonomic units (OTUs) in the fungal communities from the Fir,
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Pine, and Mixed areas, respectively, and 880 OTUs were shared by the three different types
of forest (Figure 3A).

Table 2. Content of macroelements in soils of different forest types.

SOC (gkg™1) TN (g kg™ C:N Ratio N:P Ratio TP (g kg1 AK (mgkg™1)
Fir 11.8 £3.11b 0.87 £0.32b 139+ 1.48a 1.87 £ 046 b 0.46 £0.05a 0.10 + 0.02 ab
Pine 192 +190a 1.54 £ 0.06 a 124 £ 1.13ab 4284+0.34b 0.36 = 0.04 b 0.15+0.07 a
Mixed 18.1 +3.83a 1.64 £ 044 a 112+ 1.02b 7.46 +2.07 a 0.22 +0.03 ¢ 0.04 £0.03b
TG1[17] 13.33 1.0 / / 0.6 0.18
TG2 [41] 6.3-11.4 0.18-0.57 / / 0.15-0.27 /

Values are means + standard error and means followed by different letters in the same column significantly
different at the 0.05 level. Fir: pure C. lanceolata forest; Pine: pure Pinus forest; Mixed: mixed forest of C. lanceolata
and Pinus; TG1: tea garden; TG2: non-ecological tea garden. SOC: soil organic carbon; TN: total nitrogen; TP: total
phosphorus; AK: available potassium.
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Figure 3. Diversity and composition of soil fungi in pure and mixed forest. (A) Venn dia-
gram of fungal OTU numbers, (B) principal coordinate analysis (PCoA) ordination of soil fungi,
(C) redundancy analysis (RDA) of the fungal community structure and soil chemical properties.
The red and blue arrows indicate soil chemical properties and the two most abundant fungal phyla,
respectively. Soil chemical properties depicted in blue exhibited a significant correlation with fungal
communities (p < 0.05). (D) Variations in the taxonomic composition of fungal communities at the
phylum level; red text represents significant differences at the 0.05 level. SOC: soil organic carbon;
TN: total nitrogen; C:N: C:N ratio; N:P: N:P ratio; TP: total phosphorus; AK: available potassium.
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The Fir communities had the greatest Chao 1 diversity (Figure S1), whereas the fungal
communities from the Mixed forest had the greatest Shannon diversity index (Figure S1).
However, there were no differences in diversity between the pure and mixed forests.
Principal coordinate analysis (PCoA) with unweighted unique fraction metric (UniFrac)
distances clearly distinguished the Mixed communities from the Fir and Pine communities
(Figure 3B), indicating that the structures of the microbial communities in the pure and
mixed forest were significantly different.

The fungal community in the Mixed forest was clearly different from those in the Fir
and Pine forests (Figure 3C). Soil chemical properties were used as environmental variables,
and dominant fungal communities were used as response variables. The soil’s C:N ratio
(p = 0.017, R? = 0.74), Fe content (p = 0.034, R? = 0.67), N:P ratio (p = 0.037, R? = 0.68), and
TP content (p = 0.049, R? = 0.66) were positively correlated with Ascomycota and negatively
correlated with Basidiomycota.

The read abundance was used as a measure of the taxon abundance within the
species. Fourteen known fungal phyla were identified in the three different types of
forest (Figure 3D). The fungal community compositions of the three different forest types
were similar. Basidiomycota (51.7%) and Ascomycota (40.5%) were the most abundant
fungal phyla, together accounting for more than 90% of the fungal community’s read abun-
dance. However, the relative abundance of Glomeromomycota, Mucoromomycota, and
Rozellomycota was less than 2%, but their relative abundance was significantly (p < 0.05)
different when comparing the pure forest and the mixed forest.

A total of 2497 OTUs were found in all samples, and the FunGuild database allocated
54.9% of the OTUs (1617 OTUs) to 14 fungal guilds based on four trophic modes: sym-
biotrophs, saprotrophs, pathotrophs and complex nutrient types (Figure 4A). Some fungal
functional groups exhibited significant changes, specifically, the symboitrophs (ecotomyc-
orrhiza and ericoid mycorrhiza) were more abundant in the mixed forest than in the pure
forest (p < 0.05), whereas the arbuscular mycorrhiza (symboitrophs) (p < 0.05) and the com-
plex nutrient types (ectomycorrhizal-fungal parasite-plant saprotroph-wood saprotroph)
(p < 0.05) were more abundant in the pure forest than the mixed forest (Figure 4A).

3.4. Correlations between Fungal Community Composition and Soil Chemical Properties

We carried out a correlation analysis between fungal guilds and soil chemical prop-
erties (Figure 4B, Table S2). The relationship between functional groups with significant
differences (Figure 4A) and soil chemical properties was as follows: the ectomycorrhizal
group (symbiotrophs, 220 OTUs) was negatively correlated with the C:N ratio and the
K and Al contents, significantly negatively correlated with the TP and Ca contents and
significantly positively correlated with the N:P ratio. The ericoid mycorrhizal group (sym-
biotrophs, 36 OTUs) was negatively correlated with the C:N ratio and the TP, Fe and Ca
contents; positively correlated with the TN content; and significantly positively correlated
with the N:P ratio. The ectomycorrhizal-fungal parasite-plant saprotroph-wood saprotroph
group (complex nutrient types, 14 OTUs) exhibited a positive correlation with the C:N
ratio and Fe content, a negative correlation with the TN and SOC contents and a significant
negative correlation with the SOC and Fe contents. The arbuscular mycorrhizal group
(symbiotrophs, 133 OTUs) exhibited a positive correlation with the TP and Fe contents and
a negative correlation with the N:P ratio.
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Figure 4. Fungal functional guilds and their correlation with soil chemistry. (A) The relative read
abundance of annotated fungal functional guilds in pure and mixed forest. The guilds with a relative
read abundance of <1% were combined and grouped as others; letters in blue are symbiotrophs,
purple are saprotrophs, green are pathotrophs, black are complex nutrient types and the red rectangles
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represent significant differences at the 0.05 level. (B) Correlation between OTUs of fungal functional
guilds and soil chemical properties (p < 0.05). Blue and yellow represent positive and negative
differences between samples. M1: Ectomycorrhizal; M2: Ericoid mycorrhizal; M3: Lichenized; M4:
Plant pathogen; M5: Animal pathogen-fungal parasite-undefined saprotroph; M6: Ectomycorrhizal-
fungal parasite-plant saprotroph-wood saprotroph; M7: Endophyte-litter Saprotroph-soil saprotroph-
undefined saprotroph; M8: Arbuscular mycorrhizal; M9: Wood saprotroph; SOC: soil organic carbon;
TN: total nitrogen; C:N: C:N ratio; N:P: N:P ratio; TP: total phosphorus; K: available potassium (AK).

4. Discussion

Our results revealed that the soil chemical properties of mixed forest (mixed forest
of C. lanceolata and Pinus) were significantly different from those of the pure forest. This
was specifically exemplified by the higher SOC, TN and N:P ratios of the mixed forest.
In addition, the structure of the fungal community of the mixed forest was significantly
different from that of the pure forest, with a clear separation between the mixed forest
(Mixed) and pure forest (Fir and Pine).

4.1. Variations in Soil Chemical Properties

Compared with the Fir forest area, the soil SOC, TN and N:P ratios of the Mixed
forest area were significantly higher, whereas the soil C:N ratio, TP, Ca, Fe and Al values
were significantly lower. Compared with the Pine, the N:P ratio of the Mixed forest
was significantly higher and the TP, AK, Ca and Al contents were significantly lower.
These results are consistent with those of previous studies, compared with pure forests,
as the reforestation of mixed tree species is usually accompanied by the accumulation of
litterfall [42]. The adaptation of the microbial community to the litterfall promotes the
decomposition of the litter relatively quickly [28], thus resulting in an increase in the soil’s
C and nutrient contents and an improvement in the soil quality compared to monospecies
plantations [43]. In addition, the soils’ stoichiometric ratios were significantly changed by
the mixed afforestation, and the C:N ratio of the Mixed forest was significantly lower than
that of the Fir forest, indicating that the mixed forest helped to accelerate the mineralization
rate of the organic matter [44]. The N:P ratio of the soil reflects the N saturation and
is used to define the threshold of the soil’s nutrient limitation [45,46]. In this study, the
N:P ratios of the soil were lower than the global (13.1) and Chinese averages (5.2) [47],
but the N:P ratio of the mixed plantation was significantly higher than those of the pure
plantations. Compared to the pure forests, the TP of the mixed forest was significantly
lower. This may be because the mixed forest had greater soil microbial activity due to the
larger amount of litter, which accelerated the biological transformation and release of soil
phosphorus [48]. However, the mixed tree species did not exhibit higher element contents,
and the Ca, Fe and Al contents of this area were significantly lower. These elements are
only slowly released during the litter decomposition process [49]. This may be why the
soil mineral elements in the mixed forest were not significantly higher. These results show
that the mixed forest significantly improved the soil chemical properties compared to the
pure forests after returning the tea garden to forest land. However, our research only
explored the relationship between soil chemical properties and fungi. Due to differences in
the genetic characteristics [50] and nutrient utilization strategies [51] of forest trees, and
differences in forest roots and exudates [52], their mechanism of influence on soil nutrient
changes needs to be further studied.

4.2. Variations in Fungal Diversity, Community Composition, and Functional Community

The fungal community structures of the Fir and Pine forests were clearly significantly
different from that of the Mixed forests (Figure 3B), but there were no significant differences
in the fungal alpha diversities (Figure S1). A similar phenomenon was observed in a
mixed forest of Chinese fir and Phoebe bournei and in a mixed forest of Picea asperata and
Sabina chinensis, in which the alpha diversities of the soil fungal communities were not
significantly different but the beta diversities were significantly different [53,54]. A previous



Forests 2023, 14, 432

110f15

study reported that changes in the microbial community structure do not necessarily
lead to changes in the species richness or diversity [55]. Compared with the species
composition, the species richness has a smaller response to changes in environmental
factors (i.e., vegetation type, pH and soil texture), which may occur in some lower taxa [56].

Most of the fungal phyla in this study belonged to Basidiomycota and Ascomycota,
which is consistent with the geographical distribution of global soil fungi. These two
dominant fungal phyla contain cellulolytic enzymes [57], which are the main degraders
of cellulosic organic matter and play important roles in C transformation and nutrient
cycling [58]. Studies on soil microbial communities in coniferous forests of different
successional stages have found that the abundance of Ascomycota decreases with the accu-
mulation of soil nutrients [59]. It has been found that the relative abundance of Ascomycota
decreases due to the changes in vegetation, which accelerates the native SOC decomposi-
tion process [60]. A study of soil microbial communities in five different types of habitat
found that Ascomycota and Basidiomycota exhibited a significant correlation with SOC
content [61]. These relationships may explain why the two dominant fungal phyla in our
study were correlated with the C:N ratio, N:P ratio and TP content (Figure 3C). Although
ecosystem functions are mostly affected by the dominant taxa, some rare taxa communities
may still become key species in regulating ecosystem functions in the environment [62].
Our results show that the relative abundance of Mucoromomycota, Glomeromomycota
and Rozellomycota was less than 2%, but there was a significant difference between the
pure and mixed forests (Figure 3D). A study has shown that Mucoromomycota, Glom-
eromomycota and Rozellomycota are positively correlated with the TN, TP, total organic
carbon (TOC) and AK contents [24]. In this study, Mucoromomycota and Rozellomycota
were more abundant in the Mixed forest, whereas Glomeromomycota was more abundant
in the Fir and Pine forests.

In this study, the fungal community structure was mainly characterized by a single
guild type (symbiotrophs, saprotrophs and pathotrophs), followed by the complex guild
types (pathotrophs-saprotrophs-symbiotrophs, saprotrophs-symbiotrophs and pathotrophs-
saprotrophs). Our results show that there were strong correlations between the fungal
community structure and the soil nutrients in the pure and mixed forests, indicating that
these single guilds play a role in promoting nutrient acquisition. Moreover, some of the
symbiotrophs were significantly different in the Pine and Fir forests compared to the Mixed
forests. The change in the mycorrhizal fungi was found to be due to the N and P contents
of the soil nutrients in a previous study [63]. In this study, correlation analysis revealed that
there were significant correlations between the TN, TP and mycorrhizal fungal abundance,
and the TN content was significantly higher in the Mixed forest, whereas the TP content
was significantly lower.

In this study, the different microbes Mucoromomycota, Glomeromomycota and Rozel-
lomycota were characterized by fast growth and high metabolic activity [64]. These fungi
included mycorrhizal fungi and had the function of phosphorus metabolism. They can
provide up to 90% of the phosphorus and nitrogen for plants and were also found to
enhance the dissolution and absorption of phosphate in the soil [65,66]. In agricultural
research, a large number of microbial inoculants have been used to improve soil fertility,
crop yields and quality [67], but fewer studies have been conducted in forests. Although
the non-cultivation technology of microorganisms enables us to quickly and accurately
identify the microbes in the environment, the feasibility of cultivating these different mi-
croorganisms in the laboratory is still challenging due to the complexity of the background
environment. This makes it more difficult for these different microbes to be directly applied
in forests. Therefore, the question of how to develop and utilize these microorganisms to
improve the soil quality in tea planting areas is a topic worthy of our attention in the future.

5. Conclusions

Our results showed that in areas of former tea plantations that had were returning to
forest land, the mixed forest areas had significantly higher soil SOC, TN and N:P ratios
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than those of the pure forest areas, as well as lower soil TP, AK, C:N ratios and mineral
nutrient contents. In addition, the relative abundances and diversities of the soil fungal
communities were not significantly different but the fungal community structures were
significant different between pure forest and mixed forest. The soil chemical properties,
fungal communities and functional groups in the mixed forest were significantly different
compared to those in the pure forest in this ex-tea plantation area. Differential microbial
(Mucoromycota, Glomeromycota, Rozellomycota) and microbial community functions
(ectomycorhizal, ericoid mycorhizal, ectomycorhizal-fungal parasite-plant saprotroph-
wood saprotrophy, arbuscular mycorhizal) showed significant differences between pure
forest and mixed forest areas, which were closely related to soil chemical properties.

This study demonstrates that soils’ chemical properties and fungal communities can
be altered by establishing a mixed forest of Chinese fir and Pinus in an ex-tea plantation
area. Our study only evaluated the soil chemical properties and microorganisms, which is
not sufficient. Future research should consider more environmental factors and evaluate
the ecological benefits derived from the forest structure (i.e., tree height, DBH, biomass).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14020432/s1, Figure S1: The richness (Chao 1 index) and diversity
(Shannon index) at the OUT level; Table S1: Content of soil mineral elements in different forest types;
Table S2: The correlation between OTUs of fungal functional guilds and soil chemical properties.
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