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Abstract: Afforestation is one of the most important forestry practices, but its impact on soil microbial
communities remains poorly understood. In this study, we sampled the soil from 0–15 cm and
15–30 cm soil depths of 7-, 13-, 24-, 33-, and 53-year-old Chinese cedar (Cryptomeria japonica var.
sinensis) plantations. To investigate the effect of stand age on soil microbial communities and their
potential drivers, we measured phospholipid fatty acids (PLFAs) and soil physicochemical properties.
At the 0–15 cm soil depth, the biomass of total PLFAs and functional microbial groups such as
bacteria (B), fungi (F), Gram-negative bacteria (GN), Gram-positive bacteria (GP), actinomycetes
(ACT), and arbuscular mycorrhizal fungi (AMF) increased sharply in 7- to 13-year-old stands, but
then gradually leveled off in older stands. On the other hand, the biomass of total PLFAs and
functional microbial groups at the 15–30 cm soil depth peaked in the 33-year-old stand. The biomass
of total PLFAs and functional microbial groups was strongly influenced by stand age and soil depth,
and was significantly lower at the 15–30 cm soil depth than at the 0–15 cm soil depth except for the
7-year-old stand. The F/B and fungi/total PLFAs ratios of both soil depths were markedly lower in
the 13-year-old stand than in the remaining four stand ages, while the proportions of the bacterial
group (GP and GN) showed contrasting trends. The biomass of all functional microbial groups and
the GP/GN ratio were mainly mediated by soil organic carbon (SOC) concentration and the soil
organic carbon to total phosphorus (C/P) ratio at the 0–15 cm soil depth, but primarily affected
by ammonium nitrogen (NH4

+-N) concentration at the 15–30 cm soil depth. The F/B ratio of the
two soil depths was prominently affected by nitrate nitrogen (NO3

−-N) concentration. Our results
highlighted that SOC concentration and mineral N (i.e., NH4

+-N and NO3
−-N) concentration mainly

drove changes in the soil microbial biomass and community composition with stand age in Chinese
cedar plantations, and that the 13-year-old stand may be the key period for management.

Keywords: stand age; phospholipid fatty acid; soil microbial community; Cryptomeria japonica var.
sinensis plantations

1. Introduction

The role of soil microorganisms in preserving biogeochemical cycles and soil fertility
balance cannot be overemphasized and has been extensively studied in various ecosystems,
especially in agroecosystems and forest ecosystems [1–3]. Unlike agroecosystems, forests
do not rely on external factors such as fertilization to support tree growth, but instead
primarily rely on microbial-mediated internal processes such as nutrient mineralization
and litter decomposition [4,5]. The productivity of forests may be significantly affected by
changes in soil microbial communities [6]. The world’s planted forest area increased by
more than 105 million ha between 1990 and 2015, accounting for seven percent of the global
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forest area reported in 2015 [7]. Therefore, increasingly deeper insights into soil microbial
communities following afforestation are important in assessing soil quality, maintaining
soil fertility, and ensuring sustainable management of plantation ecosystems.

Forest age has wide implications for soil microbial communities [8]. First, stand
age can regulate the input of organic matter (such as litterfall and root exudates) to
the soil in the forest ecosystems and thus affect the food source (carbon source) of soil
microorganisms [9,10]. Second, forest age can also affect the habitat of soil microorganisms
by adjusting the understory vegetation and soil physiochemical properties, which then
affect the biomass and community composition of soil microorganisms [11,12]. In addition,
nutrient uptake strategies and plant growth rates vary with forest age, resulting in the
functional microbial populations competing for nutrients and altering the soil microbial
community composition [13,14]. Although more and more attention has been paid to the
influence of forest age on soil microorganisms in plantation forests in recent years, the
results of various studies remain controversial due to differences in stand age sequence
and tree species selection.

Studies have shown that soil microbial communities are strongly correlated with soil
physicochemical properties [15]. For example, soil physical properties (e.g., water content,
soil bulk density, soil aggregate formation, and total porosity) significantly affected the
microbial activity and composition of soils [16,17]. Soil pH correlated positively with
microbial biomass and community composition, with bacterial communities sensing small
changes in soil pH better than fungi [18,19]. Changes in soil organic matter and nutrient
availability (e.g., ammonium nitrogen (NH4

+-N) and nitrate nitrogen (NO3
−-N)) can

alter microbial communities, particularly bacterial and fungal communities [19,20]. The
relationship between soil microorganisms and soil physicochemical properties can also
be expected to vary with stand age. Wang et al. [21] reported that microorganisms are
sensitive to the dynamics of soil organic carbon (SOC) with stand age. Soil moisture,
water holding capacity, SOC concentration, pH, and nutrient concentration play important
roles in determining soil microbial biomass and community composition along an age
gradient [10,12]. However, the relationship between soil properties of different forest ages
and microbial communities in plantation forest ecosystems is not fully understood. In
addition, the response of soil microbial communities to stand age may vary with soil depth
because different soil depths receive different nutrient inputs [5,22,23]. Therefore, it is
unclear whether the soil microbial communities and their main drivers differ by soil depth
in the context of forest age sequences.

Southwestern China’s ecological development depends greatly on the Chinese cedar
(Cryptomeria japonica var. sinensis), which plays a major role in afforestation [24]. However,
the soil fertility of Chinese cedar plantations has significantly declined in recent years, and
the ecological and economic benefits are difficult to achieve [25]. This study investigated soil
microbial communities from 0–15 and 15–30 cm soil depths in 7-, 13-, 24-, 33-, and 53-year-old
Chinese cedar plantations. We hypothesized that (i) microbial communities would vary
with stand age at both soil depths due to an increasing input of fresh organic matter to the
forest floor [23], and (ii) SOC and NH4

+-N would contribute most to the changes in the soil
microbial communities at both soil depths with stand age because SOC is a critical driver
of microbial communities and NH4

+-N is one of the primary forms of N used for microbial
protein synthesis [19,26]. Our study aims to investigate the changes and mechanisms in the
soil microbial biomass and community composition along a chronosequence of Chinese
cedar plantations.

2. Materials and Methods
2.1. Site Description

This research was carried out at the Sichuan Agricultural University’s Long-Term
Artificial Forest Ecosystems Station (29◦24′–30◦00′ N, 102◦49′–103◦32′ E), which is situated
at the Hongya county state-owned forest farm on the western edge of the Sichuan Basin
in China. The study area belongs to the subtropical humid zone. The average annual
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precipitation was about 1600 mm, with an average annual temperature of 16.8–17.2 ◦C.
The annual mean relative humidity was 79%–81%, and the annual sunshine hours were
low (894–2054 h) (Table S1, http://data.cma.cn (accessed on 5 December 2022)). According
to the FAO, the major soil type is classified as mountain yellow soil [7]. The total area of
plantation in Hongya Forest Farm is about 11,370 ha, of which Chinese cedar (Cryptomeria
japonica var. sinensis) accounts for 49.6% of the total area. Chinese cedar plantations have a
complete age gradient from young forest to mature forest. The understory vegetation mainly
includes Fargesia spathacea, Rubus swinhoei, Elatostema involucratum, Pteridophyta, etc. [27].

2.2. Experimental Design

The Chinese cedar plantations of different stand ages (7, 13, 24, 33, and 53 years old)
were selected as the research objects in July 2021. The five stand ages are divided into
young (7 years old), middle-aged (13 years old), near-mature (24 years old), mature
(33 years old), and over-mature forest (53 years old) according to forestry industry stan-
dards. Young forests were established by planting 2-year-old Chinese cedar seedlings on
sites that had undergone a short period of recuperation after the over-mature forests had
been clear-cut. As the tree grows, the following practices are taken: weeding twice a year
for the first three years to promote the growth of the seedlings, and then avoiding frequent
management until harvest. The areas of young, middle-aged, near-mature, mature, and
over-mature forests are 2134 ha, 698 ha, 577 ha, 866 ha, and 1790 ha, respectively [17]. In
this study, three plots with an area of 20 m × 20 m were set in each forest age, and the
distance between plots was more than 100 m. Each plot was measured for canopy density,
diameter at breast height (DBH, 1.3 m), and tree height. The basic conditions of the Chinese
cedar plantations with different forest ages were given in Table S2.

2.3. Soil Sampling

To facilitate the comparison of soil microbial communities among different stand ages,
the sampling depth was unified, and the litter layer was removed from each plot before
soil collection. According to the five-point sampling method, 5 soil cores from each plot
were obtained using a stainless-steel cylinder (diameter 5 cm) at soil depths of 0–15 cm and
15–30 cm, and then the soil cores with the same depth were mixed into a composite sample.
A total of 30 composite samples (5 stand ages × 3 plots × 2 soil depths) were collected.
The soil samples were packed in cooler boxes with ice packs, transported to the laboratory
within 24 h, and sifted with a 2 mm mesh. These samples were temporarily kept at 4 ◦C in
a refrigerator to facilitate dispensing and the measurement of several indicators that call
for fresh samples. A portion of the dispensed sample was air-dried for routine indicators
(e.g., pH, soil organic carbon (SOC) concentration, total phosphorus (TP) concentration,
and total nitrogen (TN) concentration), while another portion was freeze-dried for PLFA
analysis. Table S3 displays the physicochemical properties of the soil at various stand ages.

2.4. Soil Physicochemical Analysis

The soil bulk density (SBD) and gravimetric water content (GWC) were calculated by
weighing fresh and oven-dried bulk soil cores. Soil pH was measured in the soil suspension
(1:2.5 w/v air-dried soil to water) using a digital pH meter [28]. SOC concentration was
measured by potassium dichromate oxidation titration. First, 5 mL of 0.8 M K2Cr2O7 and
5 mL of H2SO4 were added to the soil, which was then boiled at 220 ◦C for 15 min. Titration
with 0.2 M FeSO4 was performed on the remaining K2Cr2O7 [29]. TP and TN concentrations
in soil were measured by molybdenum-antimony anti-colorimetry and Kjeldahl determina-
tion, respectively [27]. C/P, C/N, and N/P were calculated using the ratios of SOC to TP,
SOC to TN, and TN to TP, respectively. Ammonium nitrogen (NH4

+-N) and nitrate nitro-
gen (NO3

—N) concentrations were extracted from 5 g of fresh soil with 2 M KCl solution,
filtered through Whatman® qualitative filter papers, and determined by colorimetry (the
indophenol blue method) and UV–visible spectrophotometry, respectively [27].

http://data.cma.cn
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2.5. Phospholipid Fatty Acid (PLFA) Analysis

Using a buffer solution of chloroform, methanol, and phosphate (1:2:0.8 v/v/v), lipids
were extracted from 4 g of freeze-dried soil. They were then separated into neutral lipids,
glycolipids, and phospholipids on a 0.5 g silicic acid column (Supelco Inc., Bellefonte, PA,
USA) by successively eluting them with chloroform, acetone, and methanol. Fatty acid
methyl esters (FAME) were created by mild alkaline methanolysis of the phospholipids.
The FAMEs were detected and quantified by using an Agilent 7890 B gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) with identification software (MIDI Inc.,
Newark, DE, USA) and adding the methyl nonadecanoate (19:0, Sigma, St. Louis, MO,
USA, CAS #1731-94-8, N5377-1G) as an internal standard [30]. Soil microbial biomass
was calculated by summing the biomass for specific biomarkers and expressed as nmol
PLFA nmol g−1 dry soil [1,31]. According to different signature fatty acids, several PLFA
biomarkers for bacteria (B), Gram-negative bacteria (GN), Gram-positive bacteria (GP),
fungi (F), arbuscular mycorrhizal fungi (AMF), and actinomycetes (ACT) were defined as
described in Table 1. Total PLFAs were calculated as the sum of the functional microbial
groups described in Table 1 together with 16:0 and 18:0. Additionally, the ratios of GP/GN
and F/B are used as environmental indicators, indicating microbial stress and changes in
habitat factors [18,32].

Table 1. Biomarker groups defined.

Biomarker Groups Marker PLFA References

Gram-positive bacteria i15:0, a15:0, i16:0, i17:0, a17:0 [33,34]
Gram-negative bacteria 16:1ω7c, 16:1ω9c, 18:1ω7c, cy17:0, cy19:0 [33,34]
Bacteria The sum of Gram-positive and Gram-negative biomarkers together with 15:0, 17:0 [31,35]
Fungi 18:1ω9c, 18:2ω6c, 18:3ω6c [34,36]
Arbuscular mycorrhizal fungi 16:1ω5c [31,37]
Actinomycetes 10Me16:0, 10Me17:0, 10Me18:0 [33,38]

2.6. Statistical Analysis

The Shapiro–Wilk test and the Levene test were used for data normality analysis
and homogeneity of variance, respectively. To satisfy the ANOVA requirement, the soil
physicochemical properties and the soil microbial biomass were logarithmically trans-
formed, and the proportions of the functional group data were square root transformed.
A two-way ANOVA was performed to investigate the impact of soil depth and stand age
on soil microbial biomass, community composition, and soil physicochemical properties.
Subsequently, a simple effect analysis (Bonferroni) was performed to assess the differences
between five stand ages at the same soil depth or between soil depths at the same stand age
when the interaction was significant. Moreover, differences in the proportion of functional
groups between stand ages were determined by one-way ANOVA with post hoc Tukey
tests. The aforementioned analysis was performed using SPSS software (SPSS version 27,
IBM SPSS Inc., Chicago, IL, USA). We used all specific biomarker PLFAs to conduct a
non-metric multidimensional scaling (NMDS) with the function “metaMDS”, followed by
an analysis of permutational multivariate analysis of variance (PERMANOVA) with the
function “adonis2”, utilizing the Bray–Curtis distance matrix to further clarify differences
in soil microbial communities between stand ages or soil depths. The contribution of soil
properties to the soil microbial communities was calculated using hierarchical partitioning
through the “rdacca.hp” package [39]. Based on the results of the relative importance, the
top three explanatory variables (soil physicochemical properties) of relative importance
in each of the two soil depths were selected for correlation analysis with PLFAs. The
physicochemical data were log-transformed, and then we employed the “ggpairs” function
from the GGally package to generate scatter plots and calculate the Pearson correlation. The
above analyses and graphics were performed using the “vegan”, “GGally”, and “ggplot2”
packages in the R (version 4.2.0, R Core Team, 2022, Vienna, Austria) [40–42]. Column plots
were generated using OriginPro 2022 (OriginLab Corporation, Northampton, MA, USA).



Forests 2023, 14, 470 5 of 13

3. Results
3.1. PLFAs across Stand Ages

Stand age, soil depth, and their interaction had significant impacts on soil microbial
biomass (Figure 1a–g). Specifically, the total PLFAs ranged from 5.8 to 25.0 nmol g−1 at
the 0–15 cm soil depth across forest ages, with the 7-year-old stand having lower amounts
than the remaining four stand ages. The total PLFAs of different stand ages at the 15–30 cm
soil depth were 6.0–12.4 nmol g−1, with a maximum in the 33-year-old stand (Figure 1a).
Notably, PLFAs of functional microbial groups such as GP, GN, bacteria, fungi, AMF, and
ACT showed similar patterns to the total PLFAs at both soil depths and were significantly
lower at the 15–30 cm soil depth than at the 0–15 cm soil depth for all stand ages except for
the 7-year-old stand (Figure 1b–g).
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Figure 1. The biomass of (a) total phospholipid fatty acids (PLFAs), (b) bacteria (B), (c) Gram-positive
bacteria (GP), (d) Gram-negative bacteria (GN), (e) fungi (F), (f) arbuscular mycorrhizal fungi (AMF),
and (g) actinomycetes (ACT), (h) the F/B ratio, and (i) the GP/GN ratio from the 0–15 cm and
15–30 cm soil depths along the stand ages in the Chinese cedar plantations. Different lowercase
letters denote statistically significant differences between forest ages at the same soil depth (p < 0.05).
Significant changes between two soil depths of the same stand age are denoted by the asterisk (p < 0.05).
Each sub-figure contains the results of a two-way ANOVA for the primary components (stand age
(SA) and soil depth (SD)) and their interactions (SA × SD). Bonferroni was employed for main effect
comparisons or post hoc analyses of simple effects. The bars show mean ± SE (n = 3).

The non-metric multidimensional scaling (NMDS) analysis of all specific biomarker
PLFAs indicated that the soil microbial communities exhibited higher similarity in 24- and
33-year-old stands with the same soil depth, while there were distinct differences between
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other forest ages or soil depths (Figure 2). Additionally, the permutational multivariate
analysis of variance (PERMANOVA) analysis also indicated the soil microbial communities
were substantially influenced by soil depth (R2 = 0.361, p < 0.001), stand age (R2 = 0.417,
p < 0.001), and their interactions (R2 = 0.153, p < 0.001) (Figure 2).
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analysis of variance (PERMANOVA) for all specific biomarker phospholipid fatty acids (PLFAs) are
based on the Bray–Curtis distance matrix between different stand ages and soil depths. Colors and
point shapes denote the soil depth (SD) and stand age (SA), respectively. The dashed line depicts the
grouping of the samples based on the stand age.

3.2. Microbial Community Composition across Stand Ages

The soil microbial community composition was dominated by bacterial groups (GP
and GN), followed by fungi and ACT at two soil depths of five stand ages (Figure 3a,b).
Among them, the proportion of the bacterial groups was markedly higher in the 13-year-old
stand than in the other four stand ages, while the proportion of the fungal group showed
the opposite (p < 0.05) (Figure 3a,b). This result corresponded to the lowest F/B ratio of
the 13-year-old stand and was mainly influenced by the stand age (p < 0.001) (Figure 1h).
Concretely, at the 0–15 cm soil depth, the GP/total PLFAs, GN/total PLFAs, and ACT/total
PLFAs significantly increased from 7- to 13-year-old stands and then stabilized, while
the AMF/total PLFAs first decreased and then stabilized (Figure 3a). The GP/GN ratio
and GP/total PLFAs were obviously higher in the 13-year-old stand than in other stand
ages at the 15–30 cm soil depth (p < 0.05) (Figures 1i and 3b). The above results indicated
that the composition of soil microorganisms changed markedly during the transition from
7- to 13-year-old stands (Figures 1h,i and 3). In addition, soil depth also significantly
affected the GP/GN ratio, GP/total PLFAs, GN/total PLFAs, and AMF/total PLFAs
(p < 0.05) (Figure 1i and Table S4). Specifically, the GP/GN ratio and GP/total PLFAs of
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five stand ages were higher at the 15–30 cm than at the 0–15 cm soil depth, while there was
an opposite trend for the GN/total PLFAs and AMF/total PLFAs (Figures 1i and 3).
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Figure 3. Changes in the proportion of functional groups from the (a) 0–15 cm and (b) 15–30 cm soil
depths along the forest ages of the Chinese cedar plantations. Different lowercase letters indicate
statistically significant differences between forest ages at the same soil depth. Abbreviations: sum
of 16:0 and 18:0 (Other), arbuscular mycorrhizal fungi (AMF), actinomycetes (ACT), Gram-negative
bacteria (GN), and Gram-positive bacteria (GP).

3.3. Contribution and Correlation Analysis of Soil Physicochemical Properties to Soil
Microbial Communities

GWC, SOC concentration, N/P ratio, and nutrient concentrations, including TN,
TP, and NH4

+-N, increased and then decreased with increasing stand age at two soil
depths, peaking in 24- or 33-year-old stands, while SBD showed the opposite trend. The
variation patterns of C/N and C/P ratios and SOC concentration at the 15–30 cm soil
depth were consistent, and there were no obvious variation patterns at the 0–15 cm soil
depth. NO3

−-N increased significantly in 7- to 13-year-old stands but then flattened in
13- to 53-year-old stands. pH decreased from 7- to 24-year-old stands, then stabilized and
differed significantly between the two soil depths (Table S3).

Hierarchical partitioning analysis showed that SOC concentration and C/P ratio were
important factors influencing all microbial groups and the GP/GN ratio at the 0–15 cm soil
depth, while NH4

+-N concentration was the main factor regulating all microbial groups
and the GP/GN ratio at the 15–30 cm soil depth (Figure 4). Interestingly, soil mineral
nitrogen, including both NO3

−-N and NH4
+-N, heavily affected the ratio of F/B at the

0–15 cm soil depth, while the F/B ratio at the 15–30 cm soil depth was mainly controlled by
the NO3

−-N concentration (Figure 4).
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Figure 4. The relative importance of soil physicochemical properties on soil microbial communities
was determined for (a) 0–15 cm and (b) 15–30 cm soil depths using hierarchical partitioning analysis.
The individual effect is used to compare the difference in the proportion of response variables
explained between explanatory variables (relative importance), and each variable’s individual effects
(as determined by hierarchical partitioning) are connected to the sum of its unique and total average
shared effects (calculated using variation partitioning) [39]. Abbreviations: actinomycetes (ACT),
arbuscular mycorrhizal fungi (AMF), Gram-positive bacteria (GP), Gram-negative bacteria (GN),
nitrate nitrogen (NO3

−-N), ammonium nitrogen (NH4
+-N), total phosphorus (TP), total nitrogen

(TN), soil organic carbon (SOC), soil bulk density (SBD), and gravimetric water content (GWC).
GP/GN, F/B, N/P, C/P, and C/N represent the ratios of Gram-positive bacteria to Gram-negative
bacteria, fungi to bacteria, total nitrogen to total phosphorus, organic carbon to total phosphorus, and
organic carbon to total nitrogen, respectively.

Based on the results of the relative importance analysis, we selected C/P, SOC,
NO3

−-N, NH4
+-N, pH, SBD, and GWC with the soil microbial biomass and composi-

tion for Pearson correlation analysis (Figure S1). Specifically, the total PLFAs and all
functional microbial groups such as GP, GN, bacteria, fungi, AMF, and ACT indicated
significant positive correlations with GWC, SOC, and C/P ratio, and sharply negative
correlations with SBD. In addition, the total PLFAs and all functional microbial groups
were significantly positively correlated with NO3

−-N and negatively correlated with pH at
the 0–15 cm soil depth, while they were significantly positively correlated with NH4

+-N at
the 15–30 cm soil depth. The F/B ratio showed a significantly negative correlation with
GWC, SOC, C/P ratio, and NO3

−-N and a positive correlation with pH at the 0–15 cm soil
depth, while it was only significantly negatively correlated with NO3

−-N at the 15–30 cm
soil depth. The GP/GN ratio was positively correlated with SBD and negatively correlated
with SOC, C/P ratio, and NH4

+-N at the 15–30 cm soil depth (Figure S1).
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4. Discussion

This study tested our first hypothesis that increases in soil microbial biomass with
stand age were accompanied by significant changes in microbial community composition
(Figure 1), consistent with other studies on the effects of stand age on soil microbial com-
munities [43,44]. These results may be because the increased input of fresh organic matter
favored microbial growth with increasing stand age [23,35]. In addition, the community
composition was not consistent with the variation of soil microbial biomass with stand age,
and soil depth had a significant effect on the stand-age patterns in microbial communities
(Figure 1). These may be attributed to the different adaptability and nutrient requirements
of each functional microbial community to the environment [1,45].

The microbial biomass in the soil is highly related to its physicochemical properties
(Figures 4 and S1), which is consistent with previous findings [19,46]. The biomass of
total PLFAs and all functional microbial groups (including B, F, GP, GN, ACT, and AMF)
generally increased with forest age and were positively correlated with SOC content and
nutrient content at both soil depths, which could be explained by the accumulation of SOC
and nutrients (Table S3). Increasing soil fertility accelerated the growth of soil microbes in
forest soils, as previously reported by Mendham et al. [47] and Liu et al. [44]. Interestingly,
the biomass trends of total PLFAs and all functional microbial groups differed between the
two soil depths with increasing forest age (Figure 1a–g). Specifically, at the 0–15 cm soil
depth, the biomass of total PLFAs and all functional microbial groups was significantly
lower in the 7-year-old stand than in the other four stand ages, which is consistent with
the findings of Liu et al. [44]. Lower values of litterfall, organic matter, water holding
capacity, and soil moisture were found in the youngest stands compared to the older
stands, which led to lower soil microbial biomass [12,48]. Therefore, the biomass of all
functional microbial groups also increased rapidly when canopy density, the height of
the trees, GWC, SOC concentration, and nutrient concentrations increased significantly
from 7- to 13-year-old stands (Tables S2 and S3). In addition, the amounts of fungi in the
13-year-old stand were significantly lower than those of the other three stand ages (24,
33, and 53 years), while the bacterial groups had no significant difference among these
four stand ages (Figures 1e and 3a). The reason for this result may be that the bacteria
groups have evolved to grow rapidly in response to the availability of their substrates (e.g.,
easily degradable compounds), whereas fungi grow much slower in an environment with
sufficient nutrient availability [49,50]. Wang et al. [21] found that soil microorganisms were
sensitive to SOC dynamics with forest age in plantation ecosystems. This assumption was
also supported by our result that the biomass of total PLFAs and all functional microbial
groups was mainly affected by SOC concentration and C/P ratio at the 0–15 cm soil depth in
the context of forest age sequences (Figure 4). The main driver of soil microbial biomass at
the 15–30 cm soil depth was NH4

+-N, unlike at the 0–15 cm soil depth. Ammonium (NH4
+)

is a key N-form in protein synthesis and metabolism in plants and microorganisms [26],
so the fierce competition for N nutrients between microorganisms and plants may explain
why NH4

+-N controlled biomass at the 15–30 cm soil depth [51]. Therefore, the biomass
trends of total PLFAs and all functional microbial groups at the 15–30 cm soil depth were
consistent with the trend of NH4

+-N concentration, which first increased and then decreased
with increasing stand age, peaking in the 33-year-old stand (Figure 1 and Table S3). Moreover,
Chinese cedar (Cupressaceae) is a tree that forms symbiotic associations with AMF, and
AMF can make important contributions to water and nutrient (especially phosphorus)
uptake for plant growth [52,53]. A study by Matsuda et al. showed that AMF is sensitive
to soil conditions and varies with root age [54]. Our finding that the biomass of AMF was
consistent with the trends of SWC, TN, and TP with stand age also supported the above
conclusions (Figure 1f and Table S3).

The composition of the soil microbial community changed significantly with stand
age and was strongly associated with some soil properties (Figures 1h,i, 4 and S1). In
our study, bacterial groups (GP and GN) dominated the soil microbial community, with
ACT and fungi coming in second (Figures 1 and 2), but their survival strategies with
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different stand ages remain to be explored. Wardle et al. [55] pointed out that bacteria are
linked to soils with high nutrient supply rates and rapid decomposition, whereas fungi
are linked to soils with slow decomposition and low nutrient supply rates. Therefore, the
F/B ratio increases as nutrients become less available and growth rates decline [56]. In the
present study, the 7-year-old stand is an infertile ecosystem with slow plant growth and
low nutrient availability, while the 13-year-old stand has fast plant growth and sufficient
nutrients (Tables S2 and S3), so the F/B ratio was highest in the 7-year-old stand and lowest
in the 13-year-old stand independent of the soil depth. Most studies indicated that pH was
the key driver of the relative dominance of fungi and bacteria in soil [19,33,46]. Another
explanation for the variation in the F/B ratio with stand age may be that fungi prefer higher
pH than bacteria [57]. At both soil depths, the F/B ratio was positively correlated with
pH, decreased with decreasing pH, and did not differ significantly from 24- to 53-year-
old stands (Figures 1h and S1, Table S3). In addition, Zechmeister-Boltenstern et al. [20]
reported that bacteria have higher N demands than fungi. Wang et al. [9] reported that
NH4

+-N indirectly affected the bacterial community composition by influencing NO3
−-N.

Those results were also supported by our result that the F/B ratio was mainly influenced
by soil mineral nitrogen (e.g., NO3

−-N and NH4
+-N) (Figures 4 and S1, Table S3). Both

the GN and GP prefer plant-derived carbon as a carbon source based on substrate avail-
ability, but the GN used more relatively labile plant-derived carbon sources whereas the
GP used more recalcitrant carbon sources derived from soil organic matter [58]. At the
0–15 cm soil depth, SOC was an important factor influencing the GP/GN ratio (Figure 4).
Therefore, the GP/GN ratio did not differ significantly with increasing stand age at the
0–15 cm soil depth (Figure 1i), suggesting that GP and GN of each stand age may be able
to obtain sufficient plant-sourced carbon (litterfall) at this soil depth. Soil mineral nitro-
gen (e.g., NO3

−-N and NH4
+-N) was the main factor regulating the GP/GN ratio at the

15–30 cm soil depth (Figure 4). This result could be explained by fast-growing trees extract-
ing nitrogen from the deep soil and the fierce competition between microorganisms and
plants for N nutrients [51,59]. The GP bacteria was more resistant to environmental stress
than GN bacteria [60], so the GP bacteria could better adapt to NH4

+-N limitation at the
15–30 cm soil depth. As a result, the GP/GN ratio was the highest in the 13-year-old stand,
where the trees were growing at the fastest rate.

The biomass of total PLFAs and all functional microbial groups increased with stand
age at both soil depths and was significantly lower at the 15–30 cm soil depth than at
the 0–15 cm soil depth, except in the 7-year-old stand (Figure 1a–g). On the one hand,
the reason may be that SOC and nutrient concentrations at the 15–30 cm soil depth were
significantly lower than those at the 0–15 cm soil depth (Table S3), which limited the growth
of microorganisms [61,62]. On the other hand, high values of soil bulk density (SBD)
mean lower porosity and therefore less oxygen availability, which in turn affects the soil
microbial biomass [63,64]. In our study, SBD was significantly inversely related to all soil
microbial biomass (Figure S1), indicating that higher SBD in the 15–30 cm soil depth may
limit soil microorganism growth. The F/B ratio did not differ significantly between soil
depths. SOC and mineral nitrogen (i.e., NH4

+-N and NO3
−-N) played a role in regulating

the composition of the microbial community (F/B ratio and GP/GN ratio) at both soil
depths (Figure 4).

5. Conclusions

Our results indicated that the biomass of total PLFAs and functional microbial groups
increased largely with increasing forest age at both soil depths but reached a peak at
different forest ages. The biomass of the 0–15 cm soil depth increased significantly from
7- to 13-year-old forests and then stabilized, while the biomass of the 15–30 cm soil depth
was the highest in the 33-year-old stand. The 13-year-old stand had a significantly different
bacterial and fungal community composition than the remaining four stand ages. The
biomass and GP/GN ratio of the 0–15 cm soil depth were adjusted by SOC and C/P ratios,
whereas the 15–30 cm soil depth was mainly explained by NH4

+-N. Furthermore, NO3
−-N
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determined the relative dominance of bacteria and fungi at both soil depths. Overall, the
soil microbial community recovered rapidly and had a high percentage of bacteria in the
early stages of afforestation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f14030470/s1, Table S1: Selected basic climate data information
of the study area in the last three years (2019–2021); Table S2: The basic information on Cryptomeria
japonica var. sinensis plantations at different stand ages is from the survey conducted in August 2020;
Table S3: Soil physicochemical properties for each stand age in July 2021; Table S4: p value and F
value based on a two-way ANOVA for the proportion of functional groups; Figure S1: Correlation
analysis of the soil microbial biomass and composition with selected soil physicochemical properties.
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