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Abstract: Soil microorganisms and dissolved organic matter (DOM) play vital roles in nutrient cycling
and maintaining plant diversity. The aim of this study was to clarify the relationship between DOM
component characteristics and microbial community structure in the soil of Larix principis-rupprechtii
Mayr. plantations. We quantified the responses of the soil microbial and DOM characteristics to
stand age in a plantation forest ecosystem using phospholipid fatty acid (PLFA) analyses, ultraviolet-
visible spectroscopy, and fluorescence spectroscopy. Three humic-like components and a fulvic-like
component were identified from the soil samples, and humic-like substances were the dominant
component of the soil DOM of the stands of different ages. The fluorescence index showed that the
sources of soil DOM in the stands of different ages throughout the growth stages may be mostly plant
residues, with very little contribution from microbial sources. Furthermore, the results demonstrated
that stand age and growth season had a significant effect on the contents of the soil PLFA biomarkers
of L. principis-rupprechtii Mayr. Additionally, significantly higher contents of different species of
soil PLFA biomarkers were observed in the young forest (17a) than in the sapling forest (7a) and
half-mature forest (27a), suggesting that stand age differences in the quality and quantity of larch
litter and soil physicochemical characteristics affect the microbial community structure. Redundancy
analysis (RDA) showed that changes in the soil DOM quality and components that were driven by
growth season and stand age were the major drivers of variations in the soil microbial community
structure in the study region. Overall, the seasonal variations in DOM quality and components may
contribute to the variability of soil microorganisms, and the soil microbial responses to tree age will
depend upon the provisioning of these resources.

Keywords: dissolved organic matter (DOM); EEM-PARAFAC; PLFA; Larix principis-rupprechtii Mayr.;
Qinling Mountains

1. Introduction

Dissolved organic matter (DOM), a natural chemical substance in soil, accounts for
only approximately 0.5–1% of the soil organic matter (SOM) [1]. DOM consists of various
bioactive compounds that are easily utilized by soil microbes but also includes compounds
that are difficult for microorganisms to degrade [2] and protein-like, carbohydrate-like,
polysaccharide-like, humic-like and fulvic acid-like compounds [3]. Soil DOM comes
from multiple sources, such as plant residue, animal waste, root exudate, and soil organic
matter decomposition [4]. Although soil DOM accounts for only a minor part of SOM, it is
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the most mobile and active component in the soil and is the direct source of carbon and
potential substrates for soil microbes. Therefore, soil DOM plays an important ecological
role in carbon cycling, energy substance for soil microorganisms, and the provision of
plant-available nutrients [5].

Forest ecosystems are the largest carbon pool of terrestrial ecosystems and play an
important role in maintaining the carbon balance [6]. Soil microbes are important parts
of forest ecosystems and play an important role in SOM decomposition, nutrient cycling,
and maintaining the structure and function of forest ecosystems [7]. Soil microorganisms
are sensitive to changes in forest stand age [8], and forests of different ages may select
for different soil microbial communities [9]. Differences in the composition and content
of root secretions in forest evolution are an important element altering the soil microbial
community structure. Previous studies have shown that SOM is an important carbon
source for soil microbes and is the dominant factor regulating the soil microbial community
structure [10]. Furthermore, soil microbial metabolites and residues are major sources of
soil DOM, and the composition and content of DOM greatly affect soil microbial activ-
ity [10,11]. As an important nutrient pool in the soil, DOM has a key influence on nutrient
cycling in terrestrial ecosystems [12,13], and the formation, quality, and content of DOM in
the soil are affected by many factors, including biological factors (microbiological activity),
vegetation factors (vegetation type and stand age) and climatic factors (air temperature and
hydrological conditions) [14,15]. Due to the sensitivity of soil DOM to changes in environ-
mental factors, soil DOM characteristics are used as important indicators for evaluating
soil quality [1]. The multifunctionality of DOM in maintaining soil functional sustainability
and its ecological importance has increased the scientific interest in conducting studies on
the variation in DOM characteristics in response to different factors. Thus, information
on the soil microbial responses to changes in soil DOM characteristics is important for
understanding soil carbon cycling and nutrient cycling.

The Qinling Mountains are located in the transitional zone between the subtropical and
warm temperate zones of China and are the boundary between the northern and southern
regions of China. The forest ecosystem of the Qinling Mountains is the ecological barrier of
the northwest region of China and is also one of the main areas of ecological security in
China. The Qinling Mountains are rich in natural forest resources, and the total forest area
is 2.52 million hectares (the area of natural forest is 2.18 million hectares, and the plantation
forest area is 0.34 million hectares). Over the past few decades, most of the natural forests in
the Qinling Mountains have been logged and replaced by plantation forests [16]. Currently,
in some areas of the Qinling Mountains (especially in North Piedmont), plantation forest
areas account for more than 50% of the total forest area, and Larix principis-rupprechtii
Mayr. is the main tree species of plantation forests in this area. This plantation tree species
is widely distributed in parts of northwestern China. However, larch plantation forests
have exhibited significant declines in soil quality during growth, and the degradation of
plantation forests in the Qinling Mountains has seriously affected the ecological function of
plantation forests in recent years. Previous studies have indicated that soil microbes are
sensitive to forest land-use changes and that the soil quality and fertility of plantation forests
gradually decline with increasing forest age. A decline in soil quality will upset the dynamic
balance of soil microbial communities, which will further aggravate soil degradation [17].
However, only a few studies have explored the relationship between the changes in soil
microbes and the changes in soil DOM chemodiversity in plantation forest ecosystems.

With the application of fluorescence excitation-emission matrix (EEM) spectroscopy to
soil DOM analysis, we can quickly and accurately obtain substantial information on the
fluorescence characteristics of soil DOM [18]. Although EEM spectroscopy cannot provide
exact information about the chemical structure of DOM, this technique is suitable for
studying the differences in soil DOM under different vegetation types [19]. Previous studies
have indicated that DOM characteristics are site-specific and affected by the type of land
use [20], and these studies have advanced our understanding of the soil biogeochemical
cycle by evaluating the soil DOM characteristics. There is no clear information about how
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DOM characteristics vary with growth stage and stand age in a plantation forest ecosystem.
Information on the influencing factors of DOM characteristics is critical for understanding
soil carbon cycling and soil fertility in the Qinling Mountains. However, such information
is very limited for soil DOM characteristics in the region. This limits our understanding
of the carbon cycles and soil quality in the Qinling Mountains region because of potential
differences in soil DOM characteristics resulting from differences in season and stand age.
However, variations in DOM composition and content and their effects on the soil microbial
community structure have not been described in larch plantation ecosystems with different
stand ages.

In this study, we investigated the relationship between the composition characteristics
of DOM and the microbial community structure changes in the soils of L. principis-rupprechtii
Mayr. using excitation-emission matrix fluorescence combined with parallel factor (EEM-
PARAFAC) and phospholipid fatty acid (PLFA) analyses. The aims of this study are to:
(1) characterize the composition and structure of soil DOM, (2) assess the dynamics of
DOM components and the microbial community in the soil of L. principis-rupprechtii Mayr.,
(3) determine whether the soil microbial community structure correlates with the variations
in the soil DOM components, and (4) determine whether the soil microbial community
structure and DOM characteristics correlate with the changes in DOM components.

2. Materials and Methods
2.1. Study Site

The present study was conducted in a natural larch plantation area (N: 34◦02′18.1′′

and E: 107◦20′51.1′′) in Taibai County, Shaanxi Province, which is located in the northern
foothills of the Qinling Mountains (Figure S1). The study area has a continental monsoonal
climate, and the annual average precipitation is 1000 mm. The average annual temperature
is 7.7 ◦C, with average temperatures of 19.0 ◦C in summer and −3.7 ◦C in winter. The
average high temperatures from May to September 2021 were 20, 23, 25, 24 and 20 ◦C
(monthly weather and the sampling time information are shown in Table S1). The study
site is elevated over a range of 1620–1700 m, and the soil layer is less than 60 cm thick and
has been historically free from human disturbance. The soil type is a Luvisol in the FAO
classification and is classified as brown soil [21].

2.2. Experimental Design

At different locations within the study site, separate larch plantation forests of different
ages were selected for sampling. In April 2021, three representative sampling sites with
similar topographies, forest densities and ground cover plants were selected. The tree ages
of these larch plantation forests were 7 years (7a, sapling forest), 17 years (17a, young forest)
and 27 years (27a, half-mature forest), and the mean forest density of the larch plantation
forests was 2500 tree·ha−1. In this region, the germination period in larch plantation forests
is in April, the fast-growth period is in July and August, and the late growth period is
in September. In this study, soil sampling was conducted from the middle of May to
September. To standardize soil sample collection each month, we chose each sampling day
after there had been seven consecutive days without rainfall in the study region. The field
experiment used a randomized design with three replicates in each stand age area, and
three plots (20 × 20 m each) were established in each stand age area.

Generally, most of the roots of L. principis-rupprechtii Mayr. are distributed 0–30 cm
deep because it is a shallow-rooted tree species. Therefore, the soil samples were collected
from the 0–30 cm soil depth. When sampling every month, we first removed the litter from
the soil surface and used a soil auger (5 cm in diameter) to randomly collect soils from the
same 0–30 cm layer. A multisampling method (10 sample points at each plot) was used to
randomly collect soil samples (0–30 cm), three times from each stand age. The sampling
points were located 30 cm from a tree trunk. To ensure the accuracy of the experiment,
each sampling point was marked during sampling each month to avoid resampling from
the same plot. Soil samples from the same plot were mixed and combined into one mixed
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sample for each plot, and each mixed sample was divided into two parts: (1) The first
part was air-dried at room temperature out of sunlight, and the dried samples were then
ground and sieved through a mesh (2 mm). Then, the soil samples were ground into a fine
powder, passed through a sieve (0.25 mm) and stored at 4 ◦C for chemical property analysis.
(2) The second part of the samples were sieved (2 mm mesh), placed in sterile plastic bags,
cryopreserved on dry ice, and shipped to the laboratory for PLFA analysis.

2.3. Soil Physicochemical Properties and DOM Analysis

Soil organic carbon (SOC) contents were analyzed by the K2CrO7-H2SO4 method [22].
Soil total nitrogen (TN) contents were measured by the semimicro-Kjeldahl method [23].
We used the water-soil oscillation method to obtain the soil DOM. For soil DOM extraction,
5 g of soil samples and 35 mL of deionized water were well mixed with a shaker (at a
temperature of 60 ◦C) at 300 rpm for 0.5 h [1,24]. The soil-water mixture was centrifuged at
10,000 rpm for 7 min, then the supernatant was filtered using an acetate fiber membrane
(0.45 µm), and the filtrate was stored at −20 ◦C for the analysis of dissolved organic carbon
(DOC) content and fluorescence spectra.

Generally, soil DOM is quantified on the basis of its DOC content [15]. In this study,
the soil DOC content was analyzed using a TOC analyzer (Shimadzu, TOC-L, Japan).
Analysis of the EEM fluorescence spectra was performed with a fluorescence spectrometer
(Shimadzu, RF-6000, Japan), and the following parameters were used: for the light source, a
xenon lamp and 700 V at room temperature; excitation wavelengths of 200–500 nm at a step
length of 5 nm; emission wavelengths of 250–550 nm at a step length of 1 nm; and a scan
speed of 6000 nm·min−1. The influences of inner filter effects (IFE) of all the EEMs were
corrected by absorbance measurements, and the effects of Raman scattering were eliminated
by subtracting the Milli-Q water blank. UV–Vis spectral parameters were measured with
a 10 mm quartz cell at a 250 to 400 nm scanning wavelength by a UV-spectrophotometer
(Shimadzu, UV-1780, Japan). In this study, we used Milli-Q water as the blank control.

UV–Vis spectral parameters, specific UV–Vis absorbance at 254 nm (SUVA254), and
slope ratio (SR) were selected to evaluate the aromaticity and molecular weight of soil
DOM. The value of SUVA254 is positively correlated with the aromaticity of a soil DOM
component. A high value of SUVA254 indicates that there are more benzene-like compounds
in the component as well as more aromatic substances [25]. The SR value is negatively
correlated with the molecular weight of a soil DOM component [26].

In addition, several important fluorescence spectral parameters (including the fluores-
cence index (FI), humification index (HIX), freshness index (β:α) and biological index (BIX)
were used. The FI is usually used to identify the origin of soil DOM. FI values≤ 1.2 indicate
the DOM that originated from SOM and plant residues. FI values ≥ 1.8 indicate that the
DOM originated from microbes, and FI values ranging from 1.2–1.8 indicate that DOM
originated from SOM, plant residues and microbes [27]. The HIX is positively correlated
with the content of humus or the extent of humification of SOM and is closely related to
the activity of soil microbes [24,27]. The BIX can indicate the source of DOM. BIX values
ranging from 0.6–0.7 indicate that the DOM has only slight biological/microbial origins,
values ranging from 0.7–0.8 indicate a transitional stage of biological/microbial sources,
values ranging from 0.8–1 indicate a large proportion of biological/microbial sources, and
values >1 indicate exclusively biological/microbial sources [28,29]. The β:α ratio represents
the freshness of DOM; a high value of the β:α ratio indicates a high proportion of fresh
DOM, and a change in the β:α ratio represents the amount of newly generated DOM [1].

2.4. PARAFAC Modeling

Three-dimensional fluorescence spectral analysis was performed using the PARAFAC
method. PARAFAC analysis was performed with DOM-Fluor v.1.7, a free software package
in MATLAB-7.0 (Natick, MA, USA), to analyze the fluorescence characteristics of the soil
DOM components. We used core consistency diagnostics and a split-half validation method
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to identify the DOM components [1], and the maximum peak intensity (Fmax) in Raman
units (R.U.) was used to evaluate the relative content of each component of DOM.

2.5. Soil Microbial PLFA Analysis

The abundance of soil microbes was characterized using PLFA analysis [30]. In this
study, total lipids were extracted from 5 g of freeze-dried soil using a single-phase methanol–
chloroform–citric acid buffer system (2:1:0.8). Phospholipids were separated from neutral
and glycolipids using a silica column and were then transformed by alkaline methanolysis
into fatty acid methyl esters (FAMEs). The FAME samples were dissolved in hexane (99%)
and analyzed using a gas chromatograph (GC-2014C Series, Shimadzu, Japan) with a
Sherlock microbial identification system (version 6.1; MIDI Inc. Newark, DE, USA) and
an Agilent DB-5ms (60 m × 0.25 mm × 0.25 µm) capillary column. The GC temperature
progression was set by MIDI software. The concentrations of each PLFA were determined
as nmol g−1 dry soil based on their ratio to the international standard (C19:0) [31]. Different
PLFA biomarkers were used to characterize different soil microbial communities. General
bacteria (unspecific bacteria) consist of PLFAs of 11:0, 12:0, i13:0, 14:0, 15:0, 16:0, 17:0,
18:0, 19:0, 20:0, 22:0, 23:0 and 24:0 [32,33]. Gram-positive bacteria (G+) were indicated
by the PLFA of i14:0 [33]. Gram-negative bacteria (G-)consist of PLFAs of 10:0 2OH,
15:1w5c, 17:1w7c, 17:1w9c, 18:1w5c, 18:1w7c, 21:1w6c and 24:1w9c [31,32,34]. Fungi were
represented by the PLFAs of 18:1w9c, 18:2w6,9c, 18:3w6c and 20:5w3c [34]. The PLFAs of
10Me 17:1w7c, 10Me 16:0, and 10Me 18:0 represented the content of actinomycetes [35]. The
protozoan PLFAs were quantified by the sum of the 20:2w6c, 20:2w6,9c, 20:3w3c, 20:4w6c,
22:6w3c and 22:5w6c PLFAs [33,36]. The total bacterial PLFAs of the soil microorganisms
included the PLFAs of G- bacteria, G+ bacteria, actinomycetes, and general bacteria. The
total PLFA of the soil microorganisms was the sum of all the identified PLFAs.

2.6. Statistical Analysis

Prior to further analysis, the normality of the distribution of all data was tested using
Kolmogorov-Smirnov analysis in SPSS version 23.0 (SPSS Inc., Chicago, IL, USA), and the
data were log10-transformed to normalize their distribution. One-way analysis of variance
(ANOVA) was used to analyze the significant differences in the contents of SOC, TN, DOC,
fluorescent components, and fluorescence parameters among different growth stages and
stand ages by using Tukey’s multiple comparison post hoc tests. All data analyses were
performed using SPSS 23.0. The figures were created using Sigma-Plot 14.0 and Origin
2021. Redundancy analysis (RDA) was performed using CANOCO 5.0.

3. Results
3.1. Seasonal Changes in the Soil Physicochemical Properties of Stands of Differently Ages

Significant seasonal variations in soil DOC and SOC contents were observed during
the different months, whereas no significant variation in the soil total N contents and C:N
ratio was observed during different seasons (Figure 1). Generally, DOC contents in the
soils of stands of different ages significantly decreased with growth, and the highest soil
DOC contents were observed in the early growth stage (Figure 1). Furthermore, the soil of
the sapling forest had a higher DOC content than that of the other larch stands (p < 0.05)
(Figure 2). The SOC contents across larch stands peaked in August, but no obvious seasonal
trend in SOC content was observed among the different larch stands (Figure 1). Overall,
the soils of the young forest (17a) had higher DOC contents than those of the other larch
stands, and the lowest SOC content was observed in the half-mature forest (27a) (Figure 2).
In the fast-growing season (August), we observed higher soil TN contents and C:N ratios
in the half-mature forest than in the sapling forest and young forest (Figure 1). However,
the total N content and C:N ratio in soils of different stand ages did not show significant
differences (p > 0.05) (Figure 2 and Table S2).
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different ages (p < 0.05), respectively. The same column values without letters indicate that there are
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3.2. Characteristics of the Different Components Identified via EEM-PARAFAC Analysis

In this study, the soil DOM components from L. principis-rupprechtii Mayr. were de-
composed into a four-component model. Table S3 shows that three humic-like structures
(component 1, component 2 and component 3) and a fulvic-like structure (C4) were identi-
fied via EEM-PARAFAC analysis. The excitation wavelength (Ex) and emission wavelength
(Em) loadings of the main peak locations and detailed information on the four compo-
nents are summarized in Figure 3. The peak Ex/Em of component 1 (component 1) was
280 (390)/464 nm and was classified as a terrestrial humic-like fluorescent compound. The
second component (component 2), with an excitation wavelength peak at 325 nm and
a 428 nm emission wavelength represented a UVA humic acid-like structure with a low
molecular weight that is usually associated with microbial processes in soil. The third
component (component 3), with an excitation wavelength peak at 260 (345) nm and an
emission wavelength of 440 nm represented a high molecular weight UVC humic acid-
like component. The fourth component (component 4), with two peaks at Ex values of
320 and 405 nm and a 510 nm Em value was closely related to a typical fulvic-like fluorescent
component structure (Table S3).
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Figure 2. Variation in the physicochemical indicators in the soils of L. principis-rupprechtii Mayr. of
different ages. The black lines represent median values; the red lines represent mean values; and
the black points represent outlier data points. The means and medians were calculated by grouping
all the monthly samplings made for each larch stand of different ages. Letters indicate significant
differences among L. principis-rupprechtii Mayr. of different ages (p < 0.05).

3.3. Relative Distribution of DOM Components

The relative distributions of the four components (component 1, component 2, compo-
nent 3 and component 4) of DOM in the soil of L. principis-rupprechtii Mayr. were determined
by PARAFAC analysis, as shown in Figure 4. Generally, the proportions of humic-like
components (component 1, component 2 and component 3) in the soils of the differently
aged L. principis-rupprechtii Mayr. were higher than that of the fulvic acid-like component
(component 4) across the different seasons. The proportions of component 1 in the sapling
forest (7a) and the young forest (17a) showed no obvious seasonal fluctuation, and little
change was observed across the different sampling months. However, the proportion of
component 1 in the half-mature forest (27a) showed obvious seasonal variation, and the
proportion of component 1 increased with growth and peaked in September (55.67%). The
proportions of component 2 and component 3 in the sapling forest (7a) and the young forest
(17a) showed obvious seasonal changes. With the growth of larch stands, the proportions
of component 2 in the sapling forest and young forest increased gradually, peaked in July
(33.31% and 32.92%, respectively), then decreased and reached a minimum in September
(0% and 1.73%, respectively). However, the proportions of component 3 in the sapling
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forest (7a) and young forest (17a) exhibited the opposite trend. With the growth of larch
stands, the proportions of component 3 decreased gradually, with the lowest proportions
in July (17.22% and 18.07%, respectively), then increased and peaked in September (68.64%
and 51.50%, respectively) (Figure 4 and Figure S2). However, no clear seasonal variation
tendencies in the proportions of component 4 were observed in the sapling forest (7a) and
young forest (17a) with the growth of the larch stands. Furthermore, obvious temporal
changes were observed in the proportions of the four components (component 1, compo-
nent 2, component 3 and component 4) in the half-mature forest (27a); however, no clear
seasonal change trends were observed in the proportions of the four components with larch
stand growth.
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The black lines represent median values; the red lines represent mean values; and the black points
represent outlier data points. Letters indicate significant differences among L. principis-rupprechtii
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The Fmax values (fluorescence intensity at the peak maxima) of the different fluores-
cent components of DOM from the soil of L. principis-rupprechtii Mayr. are summarized in
Figure 5 and Table S4. The Fmax values of component 1 and component 4 demonstrated
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significant differences between the different stand ages. Generally, the mean Fmax values
of component 1 and component 4 in the young forest (17a) were significantly higher than
those in the other larch stands (p < 0.05). These Fmax values indicated that the young forest
(17a) soils had higher component 1 and component 4 contents than those of the other larch
stands. However, no significant differences were observed in component 2 and component
3 contents among the different stands (p > 0.05).

3.4. Variations in UV–Visible Absorbance and Fluorescence Spectra Indicators of DOM

Generally, the SUVA254 values of all larch stands increased with growth and peaked
in August. The young forest (17a) had the highest SUVA254 values among the larch stands
of different ages, and the half-mature forest (27a) had the lowest SUVA254 values among all
stands (Figure 6A). No significant seasonal trends in the SR values of all larch stands were
observed. Generally, the young forest (17a) had the highest SR values, and the half-mature
forest (27a) had the lowest SR values of all larch stands (Figure 6B).
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Significant seasonal changes in the FI values of the young forest (17a) were observed
among the different growth seasons (p < 0.05), and the FI values decreased with growth.
However, for the sapling forest (7a) and young forest (17a), no clear seasonal trends with
growth were observed (p > 0.05). (Figure 6C). Overall, the HIX values of all the stands in
this study were significantly lower than two. The HIX values of all the stand ages showed
a seasonal trend of increasing and then decreasing with growth, peaking in August and
reaching the lowest values in September (Figure 6D). Generally, the HIX values of the
young forest (17a) were higher than those of the other stand ages; however, no significant
differences in HIX values were observed among the stands of different ages across growth
seasons (except in May and August, p < 0.05). The β:α values of all larch stands showed a
significant increasing trend with growth (p < 0.05) and peaked in September (Figure 6E).
The BIX values of the young forest (17a) and the half-mature forest (27a) showed similar
seasonal trends in the β:α values, increasing with growth and peaking in September
(Figure 6F). Additionally, no significant differences in FI, β:α and BIX values were observed
among the larch stands of different ages across growth seasons (p > 0.05).

3.5. Seasonal Variations in Soil Microbial PLFAs in Stands of Different ages

Large variations in the PLFA biomarkers of different soil microorganisms were ob-
served in the soils of all larch stands across the growth seasons (Figure 7). The species and
contents of the PLFA biomarkers of bacteria, fungi, actinomycetes, and protozoans varied
seasonally. Across different growing seasons, the common PLFA biomarkers of all the larch
stands were 14:0, i16:0, 17:1w9c, 18:1w7c, 18:2w6,9c, 18:3w6c and 20:5w3c. The soil of all
the larch stands had higher contents of 14:0, i16:0,18:1w7c, 18:2w6,9c and 18:3w6c across
growth seasons, and the maximum concentrations of these PLFA biomarkers were observed
in July. Furthermore, the content of PLFA biomarkers of different soil microorganisms in
the young forest (17a) was higher than that in the sapling forest (7a) and half-mature forest
(27a). The half-mature forest (27a) generally had the lowest content of PLFA biomarkers
of different soil microorganisms among all the larch stands. Additionally, some PLFA
biomarkers of soil microbes in all the larch stands were observed only in specific growth
periods; for example, 10:0 2OH, a11:0, 12:0, 13:0, i14:0, 20:3w3c,21:1w6c and 24:1w9c were
observed only in August.

In addition, the total abundance of different groups of PLFA biomarkers of soil mi-
croorganisms of all larch stands showed large seasonal variation (Figure 8). The total
microbial abundance of different types of soil microbes across the larch stands increased
with growth and peaked in July or August. Total microbial abundance (total PLFAs of
different types of soil microbes) showed a distinct difference between different stand ages.
Generally, the contents of PLFA biomarkers of different types of soil microbes were higher
in the young forest (17a) than in the sapling forest (7a) and half-mature forest (27a) (except
for the PLFA biomarkers of protozoa). For all larch stands, the highest content of PLFA
biomarkers of the unspecific bacterial, gram-positive bacteria (G+), gram-negative bacteria
(G-), actinomycetes, fungi, and protozoa were observed in the-fast growth period (July
or August). Furthermore, seasonal differences in PLFA biomarkers of the soil microbe
community indicated that the highest proportions of PLFAs were bacteria, of which the
gram-negative bacteria (G-) had the largest proportion, followed by the PLFA biomarkers
of unspecific bacterial and gram-positive bacteria.
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3.6. Correlations between the Soil Physicochemical Factors, Characteristics of DOM and Soil
Microbial Community Composition

RDA suggested that changes in soil physicochemical factors and the characteristics of
the soil DOM component played a key role in shaping the structure of the soil microbial
communities in larch stands of different ages (Figure 9). In the present study, bacterial
diversity remained steady over the different stand ages. For different stand ages, the factors
that strongly correlated with soil microbial community characteristics were different; for
example, the SUVA254, HIX values of DOM, and SOC contents were key factors influencing
the soil microbial community characteristics of the sapling forest (7a), and the soil C:N ratio,
HIX values of DOM, and component 1 and component 2 contents of soil DOM were major
factors affecting the soil microbial community characteristics of the young forest (17a).
However, for the half-mature forest (27a), SOC, DOC and component 3 content, and β:α,
SUVA254, HIX values of DOM were major factors affecting the soil microbial community.
In particular, the HIX value of the DOM was the common factor affecting the structure and
composition of the soil microbial community of all stand ages.
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Figure 8. Seasonal variations in the content of different species of soil microbial PLFAs in stands of
different ages. Lowercase and capital letters indicate significant differences among different sampling
months and larch stands of different ages (p < 0.05), respectively. The same column values without
lowercase or capital letters indicate that no differences exist among the values.
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Figure 9. Redundancy analysis of soil physicochemical factors, soil DOM characteristics and soil
microbial community composition in stands of different ages. Blue vectors represent the PLFA
biomarkers of soil microbes, and red vectors represent the soil physicochemical factors. * and **
indicates significant correlations at p < 0.05 and p < 0.01, respectively.

Changes in the four components (component 1, component 2, component 3, and
component 4) of soil DOM, SUVA254, FI, HIX, SOC and DOC had an obvious effect on
the soil bacterial structures and compositions of the sapling forest (7a), and the changes
in TN, SR, β:α and C:N had a relatively low impact. DOC, FI, and component 1 were
strongly negatively correlated with the PLFA abundance of unspecific bacterial, protozoan,
bacterial, G- and total soil microorganisms, but had a positive association with the PLFA
abundance of G+, fungi, and actinomycetes. SOC and C3 exhibited significant negative
correlations with changes in the PLFA abundance of G+, fungi and actinomycetes, but a
positive association with the PLFA abundance of unspecific bacteria and protozoans.

Changes in components 2, 3 and 4 of DOM, BIX, HIX, SOC, SUVA254, DOC, and
C:N had an obvious effect on the soil bacterial structures and compositions of the young
forest (17a), but the changes in FI, component 1, SR, and β:α had a relatively low impact.
HXI, BIX, SOC, SUVA254, C:N and component 3 exhibited significant negative correlations
with changes in the PLFA abundance of G+, fungi and actinomycetes, but a significant
positive association with the protozoans. Furthermore, component 4, component 2 and
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DOC had a significant positive association with the PLFA abundance of actinomycetes,
fungi and G+. For the half-mature forest (27a), the changes in SOC, TN, component 2, C:N,
component 4, DOC, β:α and HIX had an obvious effect on the soil bacterial structures and
compositions, but the changes in component 3, FI, BIX and component 1 had a relatively
low impact (Figure 9). Component 4 and DOC exhibited significant negative correlations
with changes in the PLFA abundance of unspecific bacterial, protozoan, bacterial, G- and
total soil microorganisms, but SOC, TN, component 2, C:N, β:α and HIX possessed strongly
positive correlations with them.

4. Discussion
4.1. Seasonal Variations in Soil Physicochemical Properties of Stands of Different Ages

In this study, large ranges of SOC and DOC contents across different growing seasons
were observed, and soil TN content and C:N were not affected by stand age and the growing
seasons; indicating that growing season and stand age can significantly influence SOC
turnover, which was consistent with findings in other reports [37–39]. Furthermore, this
finding indicated that stand age plays a major role in forest ecosystem nutrient cycling
and soil microbial community structure. Changes accompanying stand ages and ambient
temperature may alter the characteristics of the litter [40,41], affect the availability of soil
microbes and the structure of the soil microbial community, and affect nutrient cycling and
turnover of SOM [18]. Therefore, the SOC contents across the larch stands peaked in August.
In this study, the young forest (17a) had higher DOC contents in the soil than did the other
stand ages, indicating that it had a better soil microbial community structure [1]. In forest
ecosystems, litter decomposition by soil microorganisms is an important factor affecting
the characteristics of soil C and N [24]. Generally, litter with a lower C:N ratio can be
decomposed more quickly by soil microorganisms, resulting in a high rate of decomposition
of SOM [42]. The optimal C:N ratio for litter to be decomposed by microorganisms is less
than or equal to 25; however, the litter C:N of L. principis-rupprechtii Mayr. In this region
was greater than 25 (>80) [43], which proved difficult for soil microorganisms to decompose.
Furthermore, the SOC and DOC contents decreased significantly with stand age, reflecting
a purely consumption-based model of SOC and DOC change in this study. This result is
opposite to the finding of Li et al. (2019) [1], indicating that the consumption rate of SOC and
DOC was higher than the input rate of SOC and DOC, which may have led to an imbalance
in soil nutrient cycling and a consequent decrease in soil fertility in the study region.

Furthermore, with soil DOC content as the indicator for evaluating soil DOM content,
compared with other studies, we found that the DOC content in soils from different land-
use types differed significantly. For example, the DOC contents in the soils from Eucalyptus
urophylla plantation forests in Guangdong, China, and upland forests in Alaska, USA
were 6.86 and 15.2 mg L−1, respectively, (in this study, the DOC contents in the soils of
larch stands of different ages were 40.3 to 95.93 mg L−1) [38,44]. However, Li et al. (2019)
reported that the soil DOC content in soils from a Robinia pseudoacacia natural forest in
Yan’an, China, was 201.25 mg kg−1 [1]. Significant differences in soil DOC content may be
due to different tree types, soil types and soil–water content [45,46]. To better understand
the variation in the DOM characteristics caused by differences in environmental factors,
we suggest that additional information on geography, environment, climatic factors, and
geology should be considered when studying the biogeochemical cycle of DOM.

4.2. Effects of Seasonal Variations on Soil DOM Characteristics of Stands of Different Ages

Generally, DOC is used as an indicator in the quantitative evaluation of DOM content
in soil [27]. In this study, significant differences were observed in the soil DOC content of
larch stands of different ages, and the soil DOC increased and then decreased with stand
age. Previous research has indicated that the activity of soil microorganisms can affect litter
decomposition and then affect the content of DOC in soil [47]. A high DOC content in
soils can enhance soil microbial activity and microbial abundance [10,14], which means
that there were significant differences in the soil microbial activity among larch stands
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of different ages in this study. The results indicated that the soil microbial activity of the
young forest (17a) was higher than that in the other stands. This was confirmed by the soil
of the young forest (17a), which had the highest content of total PLFA among the different
stand ages. Additionally, the SOC content showed a similar change trend with stand age as
did the DOC content in the soil, suggesting that SOC is a regulating factor of DOC content
in soil [14].

In this study, three humic acid-like substances and one fulvic acid-like substance
were identified from the soil samples. In particular, the main component of the soil DOM
of different stand ages was humic acid-like substances, indicating that humic acid-like
components were mainly derived from the decomposition of the litter of L. principis-
rupprechtii Mayr. Differences in soil microbial activity and soil organic matter content
led to the differences in the content of humic acid-like components and fulvic acid-like
components among different stand ages [10,48]. Although no differences in the DOM
components were observed among all larch stands, the relative distribution of the four
components exhibited obvious seasonal variations due to the seasonal variations in the
quantity and consumption of DOM [49,50]. In the present study, the main components of
soil DOM of all the larch stands were humic-like components, and the proportions of the
fluorescence intensity of humic-like components were significantly higher than those of
the flavonoid components, indicating that the source of soil DOM was probably mainly
derived from the decomposition of litter [51].

Previous research has suggested that the SUVA254 and SR values of soil DOM are
significantly affected by soil nutrient characteristics [1]. Higher SOC and DOC contents
could accelerate the degree of soil humification and increase the proportion of aromatic
components and large molecular weight substances in soil DOM [14,38]. The SUVA254 and
SR values of all the larch stands showed similar upward trends, indicating that the molecular
weight and humification degree of the soil DOM increased with growth and peaked in the
fast-growth stage, which was confirmed by the seasonal variations in SOC content and
HIX indexes. Previous research suggests that litter decomposition by microorganisms is
the main source of soil DOM in forest ecosystems, and the degree of soil decay and soil
microbial abundance and activity were positively correlated [10]. Therefore, the young
forest (17a) had the highest SUVA254 values of all the larch stands, indicating higher
microbial activity in the soil [52].

Seasonal changes in the FI values of the differently aged L. principis-rupprechtii Mayr. In-
dicated that in the early growth stage (May and June) the soil DOM was derived from mixed
sources (as reflected by FI values ranging from 1.20–1.38 and BIX values < 1). However,
in the middle and later growth stages (July to September), the soil DOM in all the stands
originated mainly from plant residues and SOM rather than from biological/microbial
sources (as reflected by FI values for all stands < 1.2 and BIX < 1). Additionally, the BIX
further showed that the microbial-derived DOM contribution to the total DOM pool was
somewhat limited in all growth stages and that the contributions of other DOM sources
were smaller (as reflected by BIX values for all stands < 1). The narrow range of BIX
values in all the larch stands of different growth stages indicated that the soil in our study
region originated from a single source. The higher HIX values in all the stands in May
represented a higher degree of humification than that observed in the other growth stages.
However, the HIX values of all the stands decreased with growth, indicating that the degree
of humification also decreased with growth. This was due to the decrease in soil DOC
content with growth, which limited the microbial activity in the soil [18]. Previous studies
have shown that the degree of humification is negatively correlated with the proportion of
fresh DOM [53]. Therefore, the highest β:α ratio at all the larch stands generally appeared
in the late growth stage in the present study.

4.3. Effects of Seasonal Variations on Microbial Community Structure

In this study, seasonal variation and differences in stand age significantly affected
the soil microbial PLFAs of the larch plantation forests. Previous studies have shown that
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within a certain ambient temperature, soil microbial activity was positively correlated
with ambient temperature [41]. Generally, high ambient temperature results in high soil
microbial activity. The biomass and activity of soil microbes are higher during the vigorous
growing period, which is closely related to the increase in carbon supply due to plant
root growth [54]. Suitable soil nutrients can obviously affect the abundance and structure
of soil microorganisms; accompanied by the release of a large number of photochemical
products into the soil, the activity of soil microorganisms during the fast-growth season
is promoted [52]. Therefore, the contents of PLFAs of different species of soil microbes
were higher in July or August (the fast-growing season) in this study. However, the
actinomycetes content in the soil of all the larch stands peaked in July and then declined.
This may be because the soil environment was more conducive to actinomycete growth
in July, and the abundance of actinomycetes decreased due to the enhanced inhibition of
actinomycetes by other microorganisms in the soil in August [55].

Generally, high-quality soils benefit from the stability of a stable soil microbial com-
munity structure due to the high abundance of soil microbes [56]. The variations in the soil
microbial community structure reflect the adaptability of soil microorganisms to the soil
environment. In this study, the PLFA content of different groups of soil microbes followed
the trend of bacteria >fungi >actinomycetes> protozoa across growth seasons. This finding
showed that bacteria had strong adaptability to changes in soil nutrients and indicated that
bacteria play a key role in soil nutrient cycling [57]. Compared with the PLFA biomarker
content of other soil microorganisms, gram-negative bacteria (G-) accounted for the largest
proportion of total PLFAs across all the larch stands, which may be because gram-negative
bacteria (G-) are better adapted to soil environmental changes [58]. In this study, higher
abundances of different groups of PLFAs were observed in the soil of the young forest (17a),
indicating that the habitat in the young forest (17a) is suitable for soil microbial growth.
Additionally, the highest SOC content was observed in the young forests (17a) due to the
quantity of SOC exudates contributing to soil microbial growth [59].

4.4. Effect of Soil Environmental Factors on the Soil Microbial Community

The stand age of L. principis-rupprechtii Mayr. greatly altered the structures of the soil
microbial community and affected the soil DOM characteristics (including the availability
and molecular characterization of DOM). The interactions of stand age with soil microbes
are vital to soil C dynamics [60]. Overall, the relationship between the soil microbial
community and DOM characteristics in the half-mature forest (27a) was remarkably intense
compared to that in the sapling forest (7a) and young forest (17a) in this study. The results
indicated that stand age altered the soil DOM components and soil microbial community
structure, further affecting SOM decomposition [11]. The RDA results indicated that the
abundance of soil microbes was significantly linked to soil DOM characteristics in all
the larch stands. These results suggest that factors affecting soil microbial communities
during different growth periods and stand age heterogeneity should be considered to
better understand the response of biogeochemical processes to variations in soil resources
in future studies [61]. Across all the soil samples of different stand ages, HXI described
27.5% (7a), 12.2% (17a) and 2.4% (27a) of the soil microbial PLFA variation. This finding
further confirmed that stand age had a stronger influence on soil microbial communities by
changing the availability of DOM.

In addition, in the present study, the changes in soil DOM characteristics due to the
difference in stand age were the most important factors explaining the observed variation in
the soil bacterial community structure. Several factors were strongly correlated with the soil
microbial community structure, including SUVA254, HIX, SOC, DOC, C:N, β:α and DOM
components. However, for stands of different ages, there were significantly different drivers
of soil microbial community variation. This is due to the shifts in the soil physicochemical
conditions and availability of DOM among stands of different ages, and these factors may
be important factors influencing the soil microbial community structure [11].
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5. Conclusions

In this study, we observed that the soil physicochemical factors, DOM characteristics
and different groups of PLFA biomarker abundances of soil microbes in all the larch
stands were closely related to growth seasons and stand ages. The characteristics of
the fluorescence parameters indicated that humic-like components were the dominant
components in the soil DOM of all stand ages and that soil DOM originated primarily
from terrestrial plants (plant residues) and SOM rather than from microbes. Additionally,
stand age had significant effects on the abundances of PLFA biomarkers of soil microbes.
Generally, soil DOM characteristics explained the largest changes in the soil microbial
community response to growth season and stand age in this study. These results could help
clarify the dynamics of the soil microbial community structure and the biogeochemical
cycle of DOM in plantation forest ecosystems. Collectively, in the process of plantation
forest management (such as soil nutrient management), the effect of the heterogeneity of
the growth season and stand age on soil microbes must be considered in the assessment
of plantation forest ecosystem functions, and different management methods should be
adopted for different stand ages.
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monthly temperature. All data were collected from the China Meteorological Data Service Centre.
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the different components (Fmax) identified in this study. Figure S1: Map of the study site. Figure
S2: Seasonal changes in the proportions of four fluorescent components of the soil DOM from
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