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Abstract: The structure and function of forest ecosystems are directly or indirectly affected by their
stand density. However, what effect the density of Chinese fir plantations has on the functional
diversity of the soil microbial community remains unclear. The microbial metabolic functional
diversity of soils sampled at the topsoil (0–20 cm) of 35-year-old Chinese fir plantations of five initial
densities (D1: 1667 stems·hm−2, D2: 3333 stems·hm−2, D3: 5000 stems·hm−2, D4: 6667 stems·hm−2,
and D5: 10,000 stems·hm−2) was studied by using Biolog ECO technology. The results showed that
the soil pH, oxidizable organic carbon (SOOC), available N (AN), available P (AP), and available
K (AK) contents all showed a gradual increase from D1 to D4 and a decrease from D4 to D5, while
the number of culturable bacteria and total microorganisms, the average well color development
(AWCD) values for the single carbon substrate and six types of carbon sources used by the microbial
community, as well as the Shannon-Wiener diversity index (H’), Pielou evenness index (J), and
McIntosh Diversity Index (U), were the opposite, suggesting that low-densities favored C and N
mineralization and the nutrient cycle. The density of Chinese fir plantations had a significant effect
on the use of carbohydrates, amino acids, carboxylic acids, and phenolic acids by the soil microbial
community, but it had no significant effect on the use of polymers (p < 0.05). Principal component
analysis (PCA) revealed that carbohydrates, polymers, and phenolic acids were sensitive carbon
sources that caused differences in the metabolic functions of soil microbial communities in Chinese
fir plantations. Redundancy analysis (RDA) showed that physicochemical factors have a significant
influence on the metabolic function of soil microbial communities (RDA1 and RDA2 explained >85%
variance). The changes in density affected the soil physicochemical properties, the composition,
and the metabolic functional diversity of microbial communities in Chinese fir plantations, which is
certainly useful for the stand density regulation of Chinese fir plantations.

Keywords: stand density change drivers; plant-micro-organism interactions; metabolic function;
Biolog ECO

1. Introduction

As one of the important compositions in the forest soil ecosystem, soil microorganisms play an
important role in the degradation of organic matter, nutrient conversion, and energy flow [1,2].
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In addition, soil microorganisms can serve as indicators of soil health [3], on-site tree planting
conditions, and soil toxicology [4], as soil microbes are most sensitive to changes in the soil
microenvironment [5,6]. Although many studies of soil microbes have been conducted, the functions
of most micro-organisms are still unclear, because only about 1% of micro-organisms can be isolated,
cultured, and identified [7].

In recent years, Biolog ECO technology has been widely used to determine the functional diversity
of different types of soil microbial communities [8]. This technique is based on the principle that
culturable microbial communities [9] use a carbon substrate in a microplate to develop a color reaction
with a redox dye to obtain the physiological characteristics of the microbial community [10] and
functional diversity [11].

Stand density not only directly affects plant growth [12], but also indirectly affects the composition
of undergrowth vegetation and the function of the soil ecosystem by changing the canopy density
and root distribution [13,14]. Several studies have reported that stand density may be an important
factor in plant-soil feedback [15–18]. Stand density can affect nutrient cycling in forest ecosystems.
For example, when the stand density of Larix olgensis was 840 stems·hm−2, it was more conducive to
increasing the soil nutrient content and maintaining the soil fertility [19]. When the density of Pinus
massoniana was 1500 stems·hm−2, the soil organic matter, total nitrogen, and total phosphorus content
were higher than the other densities, and soil acidification was obvious [20]. Barron-Gafford et al. [21]
reported that the nitrogen concentration of the trunk, fine roots, and leaves showed a downward trend
with the increase of the density of Pinus taeda and Pinus elliottii.

Chinese fir (Cunninghamia lanceolata) plantations, with a planting area of 8.95 million hectares
and a stock volume of 625 million cubic meters, represent a typical forest ecosystem in subtropical
China [22], which is extremely important for environmental greening, soil and water conservation, and
ecological construction [23,24]. Some studies have shown that the decline in soil fertility of Chinese
fir plantations was related to an excessive afforestation density [25]. The content of hydrolyzed
nitrogen and total calcium increased first and then decreased with the increase of density, while the
contents of total phosphorus, total potassium, and available potassium were the opposite in Chinese
fir plantations [26].

To date, the effect of the stand density of Chinese fir plantations on the composition and functional
activity of the soil microbial community is still unknown. Therefore, the purpose of this study was to
analyze the metabolic functional diversity of density-driven soil microbial communities using Biolog
ECO technology, which is useful for exploring the changes in soil biotic and abiotic properties driven
by the density and the management of forest stands of Chinese fir plantations.

2. Materials and Methods

2.1. Profile of the Study Site and Soil Collection

The experimental area was situated in Weimin Forest Farm (117◦43′ E, 27◦05′ N), Fujian Province,
China. The region is characterized by a subtropical monsoon climate with a mean annual temperature,
precipitation, and relative humidity of 19.4 ◦C, 1712 mm, and 82%, respectively. In the spring of 1982,
the experimental forest was planted with afforestation, and three blocks were designed by randomized
block experiments. Each block consisted of five densities—2 m × 3 m (D1), 2 m × 1.5 m (D2), 2 m
× 1 m (D3), 1 m × 1.5 m (D4), and 1 m × 1 m (D5) (that is, D1 with a density of 1667 stems·hm−2,
D2 with a density of 3333 stems·hm−2, D3 with a density of 5000 stems·hm−2, D4 with a density of
6667 stems·hm−2, and D5 with a density of 10,000 stems·hm−2)—and an area of 600 m2 per plot. Two
rows of the same density of tape were designed around each plot. The elevation of the plot is between
277–385 m; the parent material is granite; the soil type is red soil; the slope is between 25–35 degrees;
and the aspect is southeast, south, and east. All the plantations in this study have not been thinned.
The initial density and existing density of the sampling plots are shown in Table 1. In May 2017, eight
soil cores of a 5 cm diameter and 20 cm depth, more than 1 m away from the tree position, were taken
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from each plot by the “S-sampling” method. Then, soil cores were mixed well, stored at 4 ◦C in a
portable refrigerator, transported to the laboratory, and passed through a 2 mm sieve to remove plant
tissues, roots, and rocks before processing. At the same time, 500 g of each sample was stored in
soil bags, transported to the laboratory, air-dried, ground, sieved, and analyzed for soil physical and
chemical properties.

Table 1. Initial density and existing density of sampling plots.

Density D1 D2 D3 D4 D5

Initial density (stems·hm−2) 1667 3333 5000 6667 10,000
Existing density (stems·hm−2) 1578 2294 2617 2789 2461

2.2. Soil Physicochemical Analysis

Soil moisture content (SM) was measured by oven-drying samples at 105 ◦C for 24 h. Soil pH was
determined in distilled water (1:5 soil to water). Soil bulk density (BD), organic matter (OM), total N
(TN), and alkali hydrolysis N (AN) contents were determined according to soil physical and chemical
analysis [27]. The OM content was determined by the K2Cr2O7-H2SO4 oxidation method [28]. Soil
oxidizable organic carbon (SOOC) content was measured by KMnO4 oxidation [29]. We weighed the
soil sample containing 15 mg of carbon, added 25 mL of 333 mmol/L KMnO4, shook it at 180 rpm
for 1 h, and then centrifuged it at 4000 rpm for 5 min. SOOC content was determined in distilled
water (1:250 supernatant to water) by spectrophotometry. TN and AN content were determined by
the Kjeldahl method using a 2300 Kjeltec Analyzer Unit (FOSS, Hilleroed, Denmark) and the alkaline
hydrolysis method, respectively. The extraction method for available P (AP) and available K (AK) was
conducted according to the soil physical and chemical analysis [27]. AP was extracted from 2.5 g of soil
using 25 mL solution of a mixture of 0.03 mol/L NH4F and 0.025 mol/L HCl. AK was extracted from
2.5 g of soil using 25 mL solution of 1 mol/L NH4Ac (pH = 7.0). The concentrations of AP and AK
were quantified using an ICAP (Spectro Analytical Instruments, Spectro Arcos ICP, Kleve, Germany).

2.3. Soil Microbial Flora and Metabolic Activity Analysis

The number of culturable bacteria, fungi, and actinomycetes in the soil was determined using
a dilution plate method. Bacteria, fungi and actinomycetes were isolated and cultured using beef
extract peptone medium, Gao 1 medium, and Martin’s medium, respectively. The amount of the
three types of micro-organisms was quantified using the following procedures: 30 g of fresh soil
was added to 270 mL of sterile water, shaken, and diluted to a concentration of 10−1 g·mL−1. Then,
30 mL of the above soil suspension was added to 270 mL of sterile water, shaken, and diluted to a
concentration of 10−2 g·mL−1. The above procedure was repeated and the soil suspension was diluted
to a concentration of 10−3, 10−4, and 10−5 g·mL−1, respectively. A soil suspension concentration of
10−3, 10−4, and 10−5 g·mL−1 was selected for the cultivation of bacteria; 10−1, 10−2, and 10−3 g·mL−1

for fungi; and 10−2, 10−3, and 10−4 g·mL−1 for actinomycetes. The soil suspension was pipetted at
a rate of 0.1 mL and coated on the corresponding medium, with three replicates for each gradient.
Plates with a total of 30–300 colonies were selected for counting, with each group taking the average
of the replicates. The sum of bacteria, fungi, and actinomycetes was added as the total amount
of micro-organisms.

A Biolog-ECO microplate (Biolog ECO plateTM) (Biolog Inc., Hayward, CA, USA) with 31 carbon
substrates was used to analyze the metabolic characteristics of the soil microbial communities.
The inoculation solution for the microplate was prepared according to Classen et al. [30]. Fresh soil
(equivalent to 30 g dry soil) was added to a flask containing 270 mL of sterile 0.85% NaCl solution and
shaken at 180 rpm for 30 min. Next, 3 mL of the supernatant with a concentration of 10−1 g·mL−1 was
pipetted into 27 mL of NaCl solution. Then, 3 mL of the solution with a concentration of 10−2 g·mL−1

was added to 27 mL of NaCl solution. We added 150 µL of the soil solution with a concentration of
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10−3 g·mL−1 to each well of the ECO plate. The inoculated ECO plates were placed in a thermostatic
incubator at 28 ◦C. The value of the wavelength at 590 nm (color + turbidity) and 750 nm (turbidity)
was read on a MicroLogTM microplate reader (version 4.20.05; Biolog Inc., Hayward, CA, USA) at 24 h,
48 h, 72 h, 96 h, 120 h, 144 h, and 168 h. Microbial community metabolic activity was expressed as the
value at 590 nm minus the value at 750 nm.

2.4. Statistic Analysis

The formulas for the calculation of the average well color development (AWCD) and diversity
index are shown in Table 2. A one-factor analysis of variance (ANOVA) was conducted using SPSS
(version 21; International Business Machines Corp., Armonk, NY, USA). Principal component analysis
(PCA) was conducted by (C-R) (C is the difference of the two-band optical density of each carbon
source well; R is the optical density value of the control well) at 72 h in R. Redundancy discriminate
analysis (RDA) was conducted using a Bray-Curtis distance matrices plot calculated by (C-R) (C is the
difference of the two-band optical density of each carbon source well; R is the optical density value of
the control well) at 168 h with the ‘vegan’ package in R.

Table 2. Formulas for the calculation of average well color development (AWCD), Shannon diversity
(H’), Pielou evenness index (J), Simpson dominance index (D), McIntosh diversity index (U), and
McIntosh evenness (E).

Index Formula Definitions Reference

Average well color
development (AWCD) AWCD = ∑ (C−R)

n

C is the difference of the two-band optical
density of each carbon source well; R is
the optical density value of the control
well; n is the number of carbon source

species in the medium (31 in this study)

[31]

Shannon-Wiener diversity
index (H’) H’ = −ΣPi ln Pi

Pi represents the ratio of the absorbance
in the i-th non-control well to the sum of
the absorbance of all non-control wells

[32]

Pielou evenness index (J) J = H′
ln S

S is the total number of carbon sources
utilized [33]

Simpson dominance index (D) D = 1 − ∑Pi2. [34]

McIntosh diversity index (U) U =
√
(∑ ni2) ni is the (C − R) value of the i-th well [35]

McIntosh evenness index (E) E = N−U
N−N/

√
S N is the sum of the (C − R) values [35]

3. Results

3.1. Soil Physicochemical Properties

The density of Chinese fir plantations influenced the soil physicochemical properties (Table 3).
The density from D1 to D4 of Chinese fir plantations positively affected the soil pH, SOOC, AN, AP,
and AK contents, while the density from D4 to D5 was the opposite (Table 3). The pH, SOOC, AP, and
AK contents in D4 were significantly higher than those in D1 and D2, while SM, BD, OM, TN, and
AN contents did not significantly differ among the five densities of Chinese fir plantations (p < 0.05,
Table 3).
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Table 3. Soil physicochemical characteristics in the different density soils.

Density pH
SM BD OM SOOC TN AN AP AK

(%) (g/cm3) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg)

D1 5.04 ±
0.02b

35.72 ±
2.31a

1.29 ±
0.08a

42.80 ±
2.60a

5.02 ±
0.63c

1.61 ±
0.05a

133.00 ±
4.04a

2.09 ±
0.57b

78.61 ±
4.23b

D2 5.07 ±
0.02b

30.92 ±
2.62a

1.34 ±
0.08a

41.32 ±
2.53a

5.27 ±
0.91c

1.56 ±
0.04a

129.85 ±
6.17a

2.15 ±
0.28b

85.96 ±
5.24ab

D3 5.29 ±
0.01ab

32.37 ±
1.49a

1.32 ±
0.03a

41.55 ±
1.64a

7.61 ±
0.16a

1.55 ±
0.04a

140.23 ±
7.12a

2.53 ±
0.53ab

109.24 ±
6.25a

D4 5.49 ±
0.02a

34.23 ±
0.58a

1.31 ±
0.01a

41.53 ±
0.69a

7.63 ±
0.84a

1.57 ±
0.09a

148.40 ±
4.45a

2.68 ±
0.18a

126.24 ±
5.28a

D5 5.27 ±
0.04ab

32.61 ±
1.96a

1.31 ±
0.05a

39.47 ±
1.46a

6.67 ±
0.61b

1.52 ±
0.05a

143.77 ±
10.17a

2.67 ±
0.60a

95.97 ±
6.24ab

Note: Significant differences between the five density soils were determined using one-way ANOVA followed
by Duncan’s multiple range test at p < 0.05. Different lowercase letters represent significant differences between
different densities. The data are shown as the means ± SD (n = 3). Abbreviations: SM: soil moisture; BD: soil bulk
density; OM: soil organic matter; SOOC: soil oxidizable organic carbon; TN: total N; AN: alkali available N; AP:
available P; AK: available K.

3.2. Soil Microbial Flora and Metabolic Activities

The densities of Chinese fir plantations had significant effects on the amount of fungi and
actinomycete (p < 0.05, Table 4). Fungi and actinomycete quantities were all highest in D4 and lowest
in D2 (p < 0.05, Table 4). The influence of the density of Chinese fir plantations on bacteria and total
microorganism quantity was not significant, although the number of these groups first decreased
gradually from D1 to D4, and then increased from D4 to D5 due to density effects (p < 0.05, Table 4).

Table 4. Soil bacteria, fungi, actinomycete, and total microbe quantities in different densities.

Density Bacteria Quantity
(107 cfu/g)

Fungi Quantity
(105 cfu/g)

Actinomycete Quantity
(106 cfu/g)

Total Microbe Quantity
(107 cfu/g)

D1 3.13 ± 0.09a 1.07 ± 0.05a 2.77 ± 0.21ab 3.42 ± 0.11a
D2 2.87 ± 0.57a 0.57 ± 0.01c 2.30 ± 0.08c 3.10 ± 0.58a
D3 2.67 ± 0.50a 0.70 ± 0.02bc 2.40 ± 0.33bc 2.91 ± 0.51a
D4 2.50 ± 0.33a 1.17 ± 0.17a 3.07 ± 0.09a 2.82 ± 0.33a
D5 2.77 ± 0.17a 0.97 ± 0.01ab 2.33 ± 0.12c 3.01 ± 0.18a

Note: Significant differences between the five density soils were determined using one-way ANOVA followed
by Duncan’s multiple range test at p < 0.05. Different lowercase letters represent significant differences between
different densities. The data are shown as the means ± SD (n = 3).

The metabolic activities of the soil microbial community in five densities all gradually increased
with the increase of incubation time (Figure 1). The AWCD values in all samples were <0.1 within
the first 24 h, which suggests that the soil microbial community of Chinese fir plantations of different
densities had a low utilization rate of carbon substrates in this period (Figure 1), which is in line with
the 0–24 h of incubation considered to be the lag phase. The slope of the curve of AWCD reached
the maximum in 24–96 h, indicating that the exponential phase of the AWCD curve for the use of
carbon substrates by the soil microbial community was 24–96 h of incubation, and the soil microbial
community had the highest utilization rate of carbon substrates at this stage, while the utilization
rate of carbon substrates by the soil microbial community showed a downward trend after 96 h of
incubation (Figure 1). During the 0–168 h incubation period, the AWCD values were in the order of D1
> D2 > D3 > D5 > D4, which indicates that the metabolic capacity of the soil microbial community was
in the order of D1 > D2 > D3 > D5 > D4 (Figure 1).
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Figure 1. Average well color development (AWCD) changes during incubation of the soil microbial
community in different densities.

Thirty-one carbon substrates can be categorized into six types: carbohydrates, amino acids,
carboxylic acids, polymers, phenolic acids, and amines [36]. The use of carbohydrates, amino acids,
carboxylic acids, and phenolic acids all remarkably decreased from D1 to D4 and showed the trend D1
> D2 > D3 > D5 > D4, while the differences in the use of polymers were not statistically significant, and
the use of amines first significantly decreased from D1 to D3 and then slowly increased from D3 to D5
(Figure 2). In D1, the intensity of the utilization of amino acids and phenolic acids was significantly
higher than that of polymers and amines, and in D2, the intensity of the utilization of amino acids was
significantly higher than that of carbohydrates and amines, while in D3, D4, and D5, the AWCD values
did not differ among the six types of carbon substrates by the microbial community (p < 0.05, Figure 2).
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Figure 2. AWCD changes during the incubation of the soil microbial community in different densities for
six types of carbon sources. The different letters on the bar represent significant differences at p < 0.05.

The diversity index can reflect the richness and evenness of soil microbial communities [37].
To compare the differences in soil microbial community diversity between five densities of Chinese
fir plantations, we calculated five diversity indices of each sample at 72 h. H’, J, and U in D4 were



Forests 2018, 9, 532 7 of 14

significantly lower than those in the other four densities and showed the trend D1 > D2 > D3 > D5 >
D4, while D and E were similar between the five densities (p < 0.05, Table 5).

Table 5. Functional diversity of the microbial community.

Density H’ J D U E

D1 2.41 ± 0.21a 0.71 ± 0.06a 0.97 ± 0.01a 2.24 ± 0.01a 0.92 ± 0.01a
D2 2.39 ± 0.26a 0.70 ± 0.07a 0.97 ± 0.01a 2.08 ± 0.01b 0.93 ± 0.01a
D3 2.24 ± 0.21a 0.66 ± 0.06a 0.97 ± 0.01a 1.98 ± 0.05c 0.93 ± 0.01a
D4 1.75 ± 0.14b 0.52 ± 0.04b 0.98 ± 0.01a 1.50 ± 0.04d 0.92 ± 0.01a
D5 2.21 ± 0.17a 0.65 ± 0.05a 0.98 ± 0.01a 1.94 ± 0.06c 0.93 ± 0.01a

Note: Significant differences between the five densities of soils were determined using one-way ANOVA followed by
Duncan’s multiple range test at p < 0.05. Different lowercase letters represent significant differences between different
densities. The data are shown as the means ± SD (n = 3). Abbreviations: H’: Shannon–Wiener diversity index; J:
Pielou evenness index; D: Simpson dominance index; U: McIntosh diversity index; E: McIntosh evenness index.

The variance contribution ratios of the first two principal components were 41.92% and
19.36%, respectively, and the cumulative contribution ratio was 61.28%, which suggests that the
variation mainly comes from the first and second principal component (Figure 3). According to the
carbon substrates with larger absolute load values (>1) and the order of the absolute value, in the
first principal component, α-D-lactose, β-methyl-D-glucoside, α-cyclodextrin, D-xylose, glycogen,
γ-hydroxybutyric acid, α-ketobutyric acid, α-D-glucose-1-phosphate, I-erythritol, 2-hydroxybenzoic
acid, L-threonine, D-cellobiose, glycyl-L-glutamic acid, D-malic acid, and D,L-α-glycerol phosphate
had positive correlations with PC1, whereas Tween 40, D-galacturonic acid, L-asparagine, Tween
80, D-mannitol, N-acetyl-D-glucosamine, D-glucosaminic acid, L-serine, pyruvic acid methyl ester,
and 4-hydroxybenzoic acid had negative correlations with PC1 (Table 6). In the second principal
component, L-serine, D-cellobiose, Tween 80, and phenylethylamine were positively correlated with
PC2, while D,L-α-glycerol phosphate, N-acetyl-D-glucosamine, D-malic acid, D-glucosaminic acid,
and D-mannitol were negatively correlated with PC2 (Table 6). In PC1, the average value of the
absolute load value was in the order of polymers > phenolic acids > carbohydrates > amino acids >
carboxylic acids > amines (Table 6). In PC2, the order was carbohydrates > amines > amino acids >
polymers > carboxylic acids > phenolic acids (Table 6). This indicates that carbohydrates, polymers,
and phenolic acids were sensitive carbon sources that made the ecological functions of soil microbial
communities in Chinese fir plantations different. In addition, several carbon sources, including
D-mannitol, N-acetyl-D-glucosamine, D-glucosaminic acid, D-cellobiose, D,L-α-glycerol phosphate,
L-serine, D-malic acid, and Tween 80 were good indicators for distinguishing soil samples of Chinese
fir plantations of different densities.
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Table 6. Relationship between eigenvectors from the PCA of the single carbon substrate and microbial
activity in Chinese fir plantation soils.

Carbon Substrate Type Carbon Substrate PC1 (41.92%) PC2 (19.36%)

Carbohydrates β-Methyl-D-Glucoside 4.026 −0.021
D-Galactonic Acid Lactone 0.415 0.730

D-Xylose 3.943 −0.080
D-Galacturonic Acid −7.138 −0.718

I-Erythritol 2.777 0.323
D-Mannitol −4.342 −1.166

N-Acetyl-D-Glucosamine −4.099 −1.845
D-Glucosaminic Acid −3.179 −1.229

D-Cellobiose 2.295 2.074
α-D-Glucose-1-Phosphate 3.178 −0.972

α-D-Lactose 4.026 −0.085
D,L-α-Glycerol Phosphate 1.131 −1.952

Average value of absolute load value 3.379 0.933

Anmino acids L-Arginine −0.712 0.297
L-Asparagine −6.310 −0.365

L-Phenylalanine −0.186 −0.132
L-Serine −2.994 2.193

L-Threonine 2.511 −0.557
Glycyl-L-Glutamic Acid 2.213 −0.046

Average value of absolute load value 2.488 0.598

Carboxylic acids Pyruvic Acid Methyl Ester −2.524 0.078
γ-Hydroxybutyric Acid 3.400 0.169

Itaconic Acid 0.534 0.755
α-Ketobutyric Acid 3.338 −0.268

D-Malic Acid 1.651 −1.369
Average value of absolute load value 2.289 0.528

Polymers Tween 40 −8.441 0.682
Tween 80 −5.183 1.450

α-Cyclodextrin 4.015 −0.071
Glycogen 3.726 −0.121

Average value of absolute load value 5.341 0.581

Phenolic acids 2-Hydroxybenzoic Acid 2.632 0.117
4-Hydroxybenzoic Acid −1.800 0.404

Average value of absolute load value 3.532 0.261

Amines Phenylethylamine 0.757 1.400
Putrescine 0.338 0.325

Average value of absolute load value 0.548 0.913

3.3. Effects of Physicochemical Factors on Carbon Substrates Utilization

Redundancy analysis (RDA) demonstrated the density variability of Chinese fir plantations in
microbial community metabolic activity, as RDA1 (77.62% of variance) and RDA2 (7.82% variance)
distinguished samples collected at five density Chinese fir plantations (Figure 4). This suggests that the
correlations between the AWCD values and nine soil physicochemical factors were highly significant
(explained >85% of the variance, Figure 4).
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4. Discussion

4.1. Shift in the Soil Physicochemical Factors

In this study, the influences of the density of Chinese fir plantations on the soil pH, SOOC, AP,
and AK contents were significant, but the influences on SM, BD, OM, TN, and AN contents were the
opposite (Table 3). We found that the soil pH, SOOC, AN, AP, and AK content gradually increased
with the increases of the density of Chinese fir plantations from D1 to D4, which was mainly due to
the fact that the litter content increases with the increase of the density, resulting in an increase in
nutrient retention. Another important reason is the density-dependent death of Chinese fir, which
is similar to other tree species [18]. Tong et al. [38] reported that the higher the initial density of the
Chinese fir plantation, the shorter the natural sparseness that occurred, and the natural sparseness
occurred in the 16th year when the initial density was 1667 plants·hm−2. As plant densities increase,
the species-specific soil pathogens and intraspecific competition intensity also increase, thus reducing
the nutrient uptake and viability of plant species [39,40]. Wei et al. [41] reported that plant–soil
feedback had a significant negative impact on Anthoxanthum odoratum and Centaurea jacea plantation
growth. However, the effect of density on OM and TN content was not significant, which was probably
because OM and TN contents were not only affected by litter content, but also by multiple factors,
such as soil parent material and plant absorption and reuse [20,26]. SOOC content gradually increased
with the increase of density from D1 to D4, maybe because roots are densely distributed in dense
plantations [26]. Interestingly, the nutrient content in D5 was lower than that in D4, which, because
we investigated the existing densities of the five density plantations when sampling and found that
the existing density of D5 was lower than D4 and D3 and higher than D2 and D1, suggested that soil
physicochemical properties are affected by both the initial density and existing density.

4.2. Shift in Soil Microbial Flora and Metabolic Activities

Soils from Chinese fir plantations of different densities not only had distinct microbial numbers,
metabolic activities, and diversities (Tables 4 and 5), but also had distinct carbon substrate utilization
patterns based on Biolog ECO plate results (Figures 1–3). Under normal circumstances, the lag phase of
the AWCD value curve of the soil microbial community using carbon substrates is 0–24 h of incubation,
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and the exponential phase is 24–72 h of incubation; the AWCD values of most samples show near
saturation after 192 h incubation [42]. Our results were similar to this conclusion. In the present study,
we found that the intensities of the utilization of carbohydrates, amino acids, carboxylic acids, and
phenolic acids were all in the order of D1 > D2 > D3 > D5 > D4 (Figure 2), indicating that low-density
Chinese fir plantations favored C, N, and P mineralization [43], which may be due to the fact that
the high planting density of Chinese fir plantations reduces the utilization efficiency of the microbial
community in the soil, because a high planting density can reduce biomass production and change the
resource utilization efficiency in the soil [13,14,44,45]. This is in line with micro-organisms which can
control decomposition to affect nutrient availability in plant-soil feedback systems, which indirectly
influences plant performance [46,47]. Although the utilization rate of six carbon sources by the soil
microbial community varied with density, the utilization rate of amino acid and phenolic acid by
soil microbial communities was higher than that of the other four carbon sources in five densities,
suggesting that there are some dominant micro-organism species that preferentially use amino acids
and phenolic acids in the soil of Chinese fir plantations.

The diversity index can be used as an indicator of microbial community richness and evenness [37].
The Shannon-Wiener diversity index (H’), Simpson dominance index (D), and McIntosh diversity
index (U) were used to evaluate the abundance, dominance, and multidimensional spatial uniformity
of microbial communities in soils, respectively [35,48]. In general, the greater the value of the diversity
index, the higher the richness or evenness of the microbial community. However, a single diversity
index cannot fully represent the functional diversity of a community [49,50]. We found that H’, J, and
U were in the order of D1 > D2 > D3 > D5 > D4, but D and E were similar between the five densities
(Table 5), which may indicate that the composition and relative abundance of dominant species are
almost unaffected by density in each of the microbial communities, although density drives changes in
the functional diversity of microbial communities. The changes in metabolic function and diversity of
soil microbial communities may be caused by root exudates, soil physical and chemical properties,
and the composition of understory vegetation in Chinese fir plantations of different densities [51–54].

In the PCA, the difference in functional diversity of soil microbial communities is represented
by the distance between the samples: the smaller the distance, the more similar the metabolic
function [55,56]. As shown in Figure 3, the distance between D3 and D5 was the smallest, and
the distance between D1 and the other four density samples and between D2 and the other four density
samples was larger, indicating that the functional diversity of the soil microbial community between
D3 and D5 is similar, while greater differences can be seen in the functional diversity of soil microbial
communities between a low density (D1 and D2) and high density (D4), which suggests that, as the
density of Chinese fir plantations changed, the metabolic functions of the plantations also changed.
The results showed that carbohydrates, polymers, and phenolic acids were sensitive carbon sources,
which is inconsistent with the results of studies in other types of soils [37,57], probably because of the
differences in soil physicochemical and environmental factors and vegetation types.

4.3. Effects of Physicochemical Factors on Functional Diversity of Microbial Community

The soil pH had an important influence on the microbial community, indirectly affecting its
metabolic functions, diversity, and richness [58–61], which has been proven in Canadian forest
research [61]. Several studies have shown that pH, N, and K elements can promote microbial growth
and the utilization of carbon sources by the microbial community [62,63]. Our results are inconsistent
with the above, which may be related to the vegetation types and the growth stage of the selected
Chinese fir plantation. In this study, the selected 35-year-old Chinese fir plantation was in the mature
forest stage, and the nutrient return was greater than the absorption at this stage, which led to the
increase of nutrient content with density and the inconsistency with the metabolic function of the
microbial community.

In this study, the values of physicochemical factors in D5 were all smaller than D4, and the values
of AWCD and the diversity index were both greater than D4, which is opposite to the change of
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these factors from D1 to D4. This indicates that the physical and chemical properties and microbial
composition and functional diversity in the soil are affected by the initial density and the existing
density. However, Biolog ECO plates can only measure the functional diversity of culturable microbial
communities, while cultivable micro-organisms only account for about 1% of the total microbial
population. Therefore, functional diversity based on Biolog ECO analysis does not necessarily fully
represent the functional diversity of the microbial community. Despite this, our research provides a
theoretical basis for exploring the density-driven changes of soil microbial communities in Chinese fir
plantations, at least in mature forest stages (>30 years old).

5. Conclusions

This study revealed that the density of Chinese fir plantations can directly or indirectly drive
changes in soil physical and chemical properties, the quantity of cultivatable micro-organisms, and
the community functional diversity in topsoil (0–20 cm), which provides more theoretical support
for the fact that the forest density is a factor that causes plant-soil feedback. The results showed that
the soil pH, SOOC, AN, AP, and AK contents positively responded to changes in density from D1
to D4 and negatively responded to density from D4 to D5 when the Chinese fir plantation was at
least 35 years old, while the number of culturable bacteria and total micro-organisms; the intensity of
utilization of carbon sources by culturable microbial communities; and the H’, J, and U diversity index
were the opposite. These results indicate that low-density (D1 and D2) Chinese fir plantations are
more conducive to the mineralization of C and N in the soil during the mature forest stage (>30 years
old). To maintain a good soil ecosystem function, we suggest that the stand density of Chinese fir
plantations should be controlled below 2800 stems·hm−2, at least in the mature forest stage. This may
suggest that the planting of the stand may have an optimum density for soil fertility maintenance and
rotation, and that a high density in ecosystems where plant-soil feedback is caused by density not
only destroys the maintenance of soil fertility, but also reduces plant survival and nutrient uptake.
However, this study also needs to be confirmed in other stages of growth of Chinese fir plantations, as
the mature forest stage does not necessarily represent the young and middle-aged forest stages.
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