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Abstract: Although Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is an important species for
wood production in subtropical China, it serious declines in soil nutrients and timber productivity in
plantations have been reported, probably caused by successive rotation and inappropriate cutting
time. Although the significant effect of stand age on soil properties has been widely recognized,
research on soil enzymes and microbial communities is relatively rare. In this study, assuming that
short rotation period is one important reason for soil degradation, we measured soil physicochemical
properties, microbial community composition, and enzyme activity in 3-, 15-, 25- and 45-year
Chinese fir forests in Jiangxi province of China. Soil organic carbon (SOC) content decreased from
3-year to 25-year stands and then increased in 45-year stands. Despite the significant relationship
between SOC and the abundance of total phospholipid fatty acids (PLFAs), no notable changes in the
abundance of PLFAs were detected with increasing tree ages, except for the abundances of arbuscular
mycorrhizal fungi (AMF) which were significantly higher in 25-year stands. However, the ratios
of gram-positive to gram-negative bacteria (G+/G−) and fungi to bacteria (F/B) both decreased
with increasing stand age. 45-year stands showed the highest activities of both phosphatase and
β-glucosidase. Total potassium (TK) content and net N mineralization rate both had significant
links with soil microbial community structure. Collectively, our study emphasized that stand age
could significantly affect soil physicochemical properties and the microbial community. In general,
25-year stands showed poorer soil status compared to that of 45-year stands. Thus, the cutting age of
Chinese fir should be increased to over 25 years to maintain a better soil status.
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1. Introduction

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is cultivated in the south of China because of
its fast growth and high yield [1,2]. It usually matures between 25 to 30 years and is harvested from 20
to 25 years to meet the growing need for timber [3,4]. However, in recent years, Chinese fir plantations
have faced problems, such as reduced yield and growth rate as well as depletion of soil nutrients,
which has led managers to question whether short-rotation management is sustainable [5–7] and to the
increased need for an improved understanding of soil changes during the growth of Chinese fir forests.

There are many biological and physicochemical characteristics to assess soil nutritional conditions,
and soil organic carbon has been shown to be important [8–10]. Furthermore, soil microorganisms and
extracellular enzymes excreted by microbes are also useful indicators given their important roles in
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nutrients conversion and organic matter decomposition [11]. Changes in microbial communities or
enzyme activities can reflect shifts in soil fertility [12–14]. To assess soil fertility more comprehensively,
soil physicochemical and microbial parameters should be synthesized in studies while in recent
years, more efforts have been made towards exploring soil physicochemical properties of Chinese fir
plantations [15–17].

Studies have shown relationships between tree age and soil properties of Chinese fir, but the
results varied with studies. Yu et al. reported that soil organic carbon (SOC) contents generally
increased from 6-year to 31-year plantations [18]; Li et al. found that soil fertility decreased from
5-year to 15-year stands and then increased in 25-year stands [19]. Most studies found that microbial
biomass first decreased and then increased with tree age [20,21], but an overall increasing trend [22] or
a consistently decreasing tendency [23] were also detected. Liu et al. stated that the gram-positive
to gram-negative (G+/G−) bacteria ratio decreased with increasing age [24]. Enzyme activities also
showed inconsistent changes with stand age in different studies [11,15]. It is noteworthy that previous
studies of Chinese fir were mostly confined to the years before Chinese fir was cut down [25–27]
and it remains unclear whether prolonging the cultivation period of Chinese fir could alleviate soil
degradation problems.

Based on these considerations, we selected four Chinese fir forests at different ages (3 years,
15 years, 25 years, and 45 years) in Xinjiang Township, Suichuan County, Jiangxi Province. As a major
production area of Chinese fir in South China, this region provides an ideal soil matrix for our research.
Considering that short rotation may be one important reason for soil degradation, this study aims to
(1) thoroughly investigate the impacts of tree age on soil physicochemical properties, and biomass,
structure, and activity of the microbial community and (2) determine if 25 years is an appropriate
cutting age for Chinese fir from the perspective of soil status. We addressed two hypotheses: (1) soil
nutrients would increase in older stands; (2) soil microbial community biomass and enzyme activities
would show a V-shaped trend with increasing age.

2. Materials and Methods

2.1. Study Site

The study was undertaken in Xinjiang Township (26◦41’N, 114◦27’E), Suichuan County, Jiangxi
Province of China. This township is a main producing area of Chinese fir in Jiangxi and covers an
area of 185 square kilometers, 83% of which is occupied by woods (Figure 1). Chinese fir is usually
cut before 25 years in this area. The typical climate of this region is humid subtropical monsoon with
a mean annual temperature of 16.5◦C and a mean annual rainfall of 1421 mm. The soil type of the
studied forest stands was classified as ultisols with a loamy texture [28].
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Figure 1. Location of Chinese fir plantations with varying ages in Jiangxi Province of China. CFF-3,
3-year Chinese fir forests; CFF-15, 15-year Chinese fir forests; CFF-25, 25-year Chinese fir forests; CFF-45,
45-year Chinese fir forests.
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2.2. Field Sampling

In April 2018, we selected four Chinese fir plantations, namely 3 years, 15 years, 25 years,
and 45 years, respectively. For each age, we selected three 30 m × 30 m plots located on three adjoining
south-facing hillsides (Figure 1) with similar topographic and soil conditions (Table 1). Within each
plot, we used an S-shaped sampling method to collect nine soil cores at 0 to 10 cm depths to form a
composite sample for each plot. Soil samples, sealed in polyethylene bags, were transported to the
laboratory within 48 h in an icebox. The fresh soil was first passed through a 2-mm sieve after the
removal of plant materials, mollusks, and stones, and part of the soil samples was stored at 4 ◦C for
phospholipid fatty acid (PLFA) analysis and the remaining were air-dried, ground and then used in
physicochemical and enzymatic analysis.

Table 1. Stand and soil characteristics of Chinese fir plantations with varying ages in Jiangxi Province.

Characteristics CFF-3 CFF-15 CFF-25 CFF-45

Stand age (year) 3 15 25 45
DBH (cm) 1.3 10.2 18.3 40.5

Canopy height (m) 1.5 8.5 11.2 25.4
Tree density (trees ha−1) 4430 3713 1325 583

Elevation (m) 315 327 322 306
Slope (◦) 21 19 20 23
Aspect South South South South

pH (in water) 4.47 ± 0.06ab 4.24 ± 0.05b 4.49 ± 0.08a 4.30 ± 0.08ab
Moisture (%) 0.43 ± 0.01ab 0.40 ± 0.00b 0.40 ± 0.00b 0.45 ± 0.02a
SOC (g/kg) 37.21 ± 0.11a 33.09 ± 0.34ab 29.17 ± 0.08b 32.02 ± 0.27ab
TN (g/kg) 3.04 ± 0.04a 2.76 ± 0.02a 2.44 ± 0.02a 2.54 ± 0.02a

C/N 12.62 ± 1.48a 11.94 ± 0.55a 12.01 ± 0.55a 12.57 ± 0.15a
Net N mineralization (µg g−1 d−1) 0.61 ± 0.01b 0.58 ± 0.03bc 0.55 ± 0.01c 0.89 ± 0.01a

TK (g/kg) 8.97 ± 0.02c 16.94 ± 0.01a 17.08 ± 0.04a 15.20 ± 0.07b
TP (g/kg) 0.40 ± 0.000a 0.44 ± 0.00a 0.44 ± 0.00a 0.40 ± 0.01a

DBH, stem diameter at breast height; SOC, soil organic carbon; TN, total nitrogen; C/N, carbon to nitrogen ratio;
TK, total potassium; TP, total phosphorus. Values are means followed by standard errors. Via Duncan’s multiple
comparison test, different letters in the same columns indicate significant difference among ages. CFF-3, 3-year
Chinese fir forests; CFF-15, 15-year Chinese fir forests; CFF-25, 25-year Chinese fir forests; CFF-45, 45-year Chinese
fir forests.

2.3. Soil Physicochemical Properties Analysis

Fresh soil samples were dried at 105 ◦C for 12 h to a constant weight, and soil moisture was
measured based on the lost weight. A slurry of soil and water in a ratio of 1:2.5 was used to
measure soil pH. After using 2 M hydrochloric acid to eliminate the interference of calcium carbonate,
SOC and total nitrogen (TN) contents were determined by an Elemental Vario EL III elemental analyzer
(Elementar Analysensysteme GmbH, Langenselbold, Germany). Net N mineralization rate was tested
by comparing the difference of inorganic nitrogen concentrations (NH+

4 -N plus NO−3 -N) before and
after incubation for 28 days. Total potassium (TK) and total phosphorus (TP) content were measured
by an iCAP7600 inductively coupled plasma atomic emission spectrometry (Thermo Fisher Scientific,
Waltham, MA, USA).

2.4. Phospholipid Fatty Acid (PLFA) Analysis

The soil microbial communities were estimated by PLFA analysis. For detailed procedures, refer
to Kang et al. [29]. Briefly, a mixed solution of chloroform, methanol, and citrate buffer (pH = 4.5) at a
volume ratio of 1:2:0.8 was added to extract lipids from 10.00 g fresh sample. Lipid fractionation was
performed by solid-phase extraction (SPE) chromatography, and phospholipids were trans esterified
with a mild-alkaline methanolysis. PLFA analysis was conducted by using an Agilent 7890A-5975C Gas
chromatograph-mass spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA). PLFA biomarkers
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were identified based on the retention times and mass spectra of standards and the NIST 2014 spectral
database. Methyl nonadecanoate was used as an internal standard to quantify PLFAs.

A standard nomenclature is used to describe PLFAs [30]. Forty-two PLFAs were determined in
all samples. Specific fatty acids were assigned to different microbial groups (Table 2). The relative
abundance of each different group, the fungal-to-bacterial (F/B) ratio and the ratio of gram-positive to
gram-negative (G+/G−) bacteria were also calculated [29].

Table 2. Phospholipid fatty acids (PLFA) biomarkers for calculating soil microbial biomass.

Microbial Group PLFA Biomarkers Reference

Saprotrophic fungi 18: 2ω6, 9 and 18: 1ω9 [31]
Gram-positive bacteria i15: 0, a15: 0, i16: 0, i17: 0, a17: 0 [32–34]
Gram-negative bacteria 16: 1ω9, 16: 1ω7, cy17: 0, cy19: 0 [32–34]

Bacteria i15: 0, a15: 0, i16: 0, i17: 0, a17: 0,16: 1ω9, 16:
1ω7, cy17: 0, cy19: 0 [32–34]

Arbuscular mycorrhizal fungi C16: 1ω5 [35]

2.5. Enzyme Activity Analysis

Activities of β-glucosidase, urease, and acid phosphatase were measured to determine microbial
function. All three enzymes were incubated at a specific temperature with their respective substrates
for a specific time before testing (Table 3). Comparing the amounts of specific products released from
1 g of dry soil after 24 h, urease activity was determined by sodium benzoate–sodium hypochlorite
colorimetric method, the activity of β-glucosidase was tested by 3, 5-dinitrosalicylic acid colorimetric
method, and the activity of phosphatase was detected by sodium phenyl phosphate colorimetric method.

Table 3. Substrates, incubated conditions, and products of soil enzyme activities assays.

β-glucosidase Urease Phosphatase

Substrate sucrose urea disodium phenyl phosphate
Incubation temperature (◦C) 37 37 37

Incubation time (h) 24 24 24
Absorbance (nm) 508 578 570

Product (mg g−1 24 h−1) glucose NH4+ phenol

2.6. Statistical Analysis

Statistical analyses were conducted by the SPSS 19.0 software (SPSS Inc., Chicago, IL, USA).
Significant differences between samples with different tree ages on soil physicochemical and biological
properties were determined by one-way analysis of variance (ANOVA) coupled with Duncan’s
multiple comparison test. Pearson correlation analysis was used to evaluate associations between soil
physicochemical and biological variables. The links between soil properties and microbial community
composition were also determined based on a redundancy analysis (RDA). It was implemented
in Canoco for Windows 4.5 (Biometris, Wageningen, Netherlands) and performed on the relative
abundances of all PLFA biomarkers. A Monte Carlo permutation test was used to examine if soil
properties could significantly explain variations in the PLFA data (P < 0.05). Significant properties were
expressed by solid lines, while insignificant properties were denoted by dotted lines [36]. The sampling
map was generated in Google Earth Pro (Google Inc., Santa Clara, CA, USA).

3. Results

3.1. Soil Physicochemical Properties

Except for TN contents (ranging from 2.44 g/kg to 3.04 g/kg) and C/N ratios (ranging from
11.94 to 12.62), soil physicochemical properties showed significant differences among ages (Table 1;



Forests 2019, 10, 629 5 of 14

Table S1). Soil pH levels varied between 4.24 and 4.49. SOC contents were 29.17 to 37.21 g/kg and
strongly correlated with TN contents (R = 0.729, P < 0.01) with the highest values in the 3-year
plantations. The net N mineralization rates were highest in the 45-year plantations. Both SOC contents
and net N mineralization rates decreased from 3-year to 25-year stands, then increased in 45-year
stands. TK concentrations were higher in the 15-year and 25-year plantations. TP contents showed no
differences among ages.

3.2. Microbial PLFA Biomass and Structure

Except for the abundances of arbuscular mycorrhizal fungi (AMF) which were significantly lower
in the 45-year stands, no significant differences were found for the absolute abundances of total
bacterial, fungal, G+ and G− bacterial PLFAs between tree ages (Table S1; Figure 2). The F/B ratio and
the relative abundance of fungi were both highest in 3-year stands, while the proportion of bacteria was
lowest there (Figure 3). The relative abundance of G+ showed no significant changes among stands.
The proportion of G− increased with tree age, while the G+/G− ratio showed an opposite pattern.
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Figure 2. Phospholipid fatty acids (PLFAs) abundance of Chinese fir stands with different ages in
Jiangxi Province. Values are means (n = 3) with a bidirectional stand error bar. Via Duncan’s multiple
comparison test, different letters in the same columns indicate significant difference among ages. CFF-3,
3-year Chinese fir forests; CFF-15, 15-year Chinese fir forests; CFF-25, 25-year Chinese fir forests; CFF-45,
45-year Chinese fir forests.
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Figure 3. Relative abundance of PLFAs in Chinese fir stands with different ages in Jiangxi Province.
Values are means (n = 3) with a bidirectional stand error bar. Via Duncan’s multiple comparison test,
different letters in the same columns indicate significant difference among ages. CFF-3, 3-year Chinese
fir forests; CFF-15, 15-year Chinese fir forests; CFF-25, 25-year Chinese fir forests; CFF-45, 45-year
Chinese fir forests.

3.3. Soil Enzyme Activity

The activities of β-glucosidase and urease did not consistently increase or decrease with tree age
(Table S1; Figure 4) and differed significantly among stands. The β-glucosidase and urease activities
were highest in 45-year and 15-year stands, respectively. The potential activity of phosphatase was
also highest in the 45-year stands, although not significantly.
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Figure 4. Soil enzyme activities under Chinese fir stands with different ages in Jiangxi Province.
Values are means (n = 3) with a bidirectional stand error bar. Via Duncan’s multiple comparison test,
different letters in the same columns indicate significant difference among ages. CFF-3, 3-year Chinese
fir forests; CFF-15, 15-year Chinese fir forests; CFF-25, 25-year Chinese fir forests; CFF-45, 45-year
Chinese fir forests.

3.4. Relationship between Soil Physicochemical and Biological Indicators

The overall composition of the soil microbial community represented by the relative abundances
of 42 PLFA biomarkers varied with tree ages (Figure 5). The 3-year (except for one stand) and 15-year
stands were separated from the 25-year and 45-year stands along axis 2. Axis 1 and axis 2 explained



Forests 2019, 10, 629 8 of 14

56.0% and 21.3% of the variation, respectively. Soil pH, SOC content, and net N mineralization rate
were significantly related to microbial community structure (P < 0.05). SOC content and pH were
negatively associated with axis 1, and the net N mineralization rate showed the opposite. The relative
abundances of 18: 2ω6, 16: 1ω7, and 16: 1ω5 were closely linked with pH. The relative abundances
of i17:0 and cy19: 0 were positively and negatively associated with SOC concentration, respectively.
The RDA result based on the absolute abundances of PLFAs was not shown as it could not reveal a
clear separation between age groups.
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Figure 5. Redundancy analysis on the relative abundance of PLFA biomarkers and soil physicochemical
properties in Jiangxi Province. Soil properties that were significantly correlated with factors were
stressed (Monte Carlo permutation tests, P < 0.05). Vectors (indicating soil properties) of greater
magnitude and forming smaller angles with an axis are more strongly correlated with that axis. CFF-3,
3-year Chinese fir forests; CFF-15, 15-year Chinese fir forests; CFF-25, 25-year Chinese fir forests; CFF-45,
45-year Chinese fir forests.

The total PLFA abundance had a positive correlation with SOC content (R = 0.61, P < 0.05; Table 4).
No significant correlations between the C/N ratio and microbial parameters were detected. Both soil
net N mineralization and TK content were positively related to the relative abundances of bacteria and
G− bacteria. Furthermore, TK content was negatively correlated with the relative abundance of fungi
and F/B ratio; soil net N mineralization had negative correlations with the relative abundance of AMF
and G+/G−.
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Table 4. Correlations analysis between indicators of soil microbial community, enzyme activity,
and physicochemical properties in Chinese fir plantations with varying ages in Jiangxi Province.

Microbial
Communities

Soil Physicochemical Properties

pH Moisture SOC TN C/N TK TP Net N Mineralization

Total PLFAs 0.34 0.36 0.61 * 0.45 0.06 −0.22 0.169 0.07
Bacterial PLFAs 0.20 0.46 0.52 0.33 0.11 −0.05 0.219 0.26

G+ bacterial PLFAs 0.36 0.37 0.64 * 0.43 0.14 −0.19 0.312 0.01
G− bacterial PLFAs 0.10 0.48 0.44 0.26 0.08 0.04 0.158 0.38

Fungal PLFAs 0.37 −0.04 0.58 0.46 0.08 −0.58 * 0.033 −0.19
AM Fungal PLFAs 0.45 −0.42 0.24 0.12 0.12 −0.20 0.113 −0.57

F/B ratio 0.34 −0.26 0.31 0.31 0.04 −0.68 * −0.132 −0.36
G+/G− ratio 0.52 −0.17 0.39 0.29 0.15 −0.47 0.294 −0.68 *

G+ bacteria% 0.11 −0.05 0.14 −0.12 0.35 0.10 0.639 * −0.36
G− bacteria% −0.58 0.21 −0.41 −0.45 0.04 0.59 * −0.033 0.71 **

Fungi% 0.23 −0.29 0.23 0.20 0.09 −0.59 * −1.00 −0.25
Bacteria% −0.57 0.20 −0.39 −0.50 0.15 0.64 * 0.153 0.63 *

AM Fungi% 0.33 −0.66 * −0.11 −0.18 0.16 −0.05 0.016 −0.72 **
β−glucosidase

activity 0.18 0.68 * 0.18 0.19 −0.02 −0.41 −0.47 0.66 *

Urease activity −0.34 −0.12 0.04 0.20 −0.26 0.11 0.223 −0.28
Phosphatase activity −0.42 −0.16 −0.66 * −0.51 −0.14 0.40 0.015 0.35

* P < 0.05, ** P < 0.01; G+, gram-positive; G−, gram-negative; AMF, arbuscular mycorrhizal fungi; F/B ratio,
the ratio of saprotrophic fungi to bacteria; G+/G− ratio, the ratio of gram-positive bacteria to gram-negative bacteria;
% represents the relative abundance of a group. Significant values are shown in bold.

4. Discussion

4.1. Effect of Stand Age on Soil Physicochemical Properties

We observed that SOC contents significantly decreased from 3-year to 25-year stands, then slightly
increased in 45-year stands (Table 1). This trend was in line with the results of Wang et al. and Wei et al.
who reported similar results from 7 to 49 years and from 10 to 37 years in Chinese fir plantations,
respectively [21,37], but inconsistent with many studies on Chinese fir. For example, Wang et al. and
Yu et al. found continuous increases of SOC concentrations from 6 to 31 years and from 18 to 49 years,
respectively [11,18]; Chen et al. reported a consistent decrease in SOC contents from 2 to 40 years [38].
In our study, TN contents showed a similar trend as SOC but was not significant among stand ages.
This might be attributed to ample nitrogen levels (ranging from 2.44 to 3.04 g/kg), compared with other
research. For example, Wang et al., Chen et al., and Wang et al. all reported that the TN concentrations
were less than 2.0 g/kg for Chinese fir from 3 to 49 years [11,21,38].

The initial reduction of SOC concentration possibly results from tree growth, as before Chinese fir
trees reach maturity (usually 25-30 years), the amount of soil nutrients consumed by trees would exceed
those returned to soil [17,23]. The decrease can also be explained by a decline of understory vegetation,
associated with gradual canopy closure with tree growth before maturity [38,39]. Our observation
that understory vegetation decreased from 3-year to 25-year stands also supported this explanation.
Moreover, erosion induced by highly weathered soils, high precipitation, and steep slopes typical in
the subtropical mountainous area of China, can also be a considerable avenue for SOC decline [38,40],
and this effect is expected to increase with time.

The slight increase in SOC contents from 25-year to 45-year stands may still be explained
by understory vegetation, as we found a regrowth of underground vegetation in 45-year stands,
which was also reported by Jia et al. [41]. This phenomenon was possibly be caused by canopy
reopening with human disturbance (i.e., thinning) as well as natural sparsity in the 45-year stands [42].
Other studies have also observed the initial decrease and then regeneration of underground vegetation
in forests [42,43]. The increase can also be linked to higher amounts of aboveground and belowground
litter input in older stands [11,44]. Similar to our findings, several studies also observed relatively
low levels of soil C when Chinese fir is usually cut (20–25 years) and thus suggested prolonging the
rotation length to maintain soil nutrient status for successive plantings [4,26,45].
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4.2. Effect of Stand Age on Microbial Communities and Enzyme Activities

Many studies have found that the microbial biomass first declined and then increased with
the growth of Chinese fir [20,21]. This trend can be explained by the positive correlation between
total PLFA abundance and SOC content [29,46,47], which was also observed in this study (Table 4).
However, contrary to our hypothesis, microbial biomass showed no significant variations at different
developmental stages (Figure 2). Mackay et al. and Smith et al. also found this phenomenon in
mixed-species forests [14,48]; Yang et al. found that total PLFA abundance significantly changed only
in the first 2 or 4 years in artificially planted Sonneratia apetala and Sonneratia caseolaris stands, pointing
out that microbial biomass might have reached a stable state in the first few years [49]. AMF plays an
important role in improving soil fertility [12,50], and Luo et al. found the highest amounts of AMF in
the oldest Picea asperata plantations (50-year) [51]. Interestingly, AMF abundances were significantly
highest in 25-year stands and then decreased in 45-year ones in our study, probably because young
trees have more developed fine roots than older trees [52,53].

Although there were no notable differences in the absolute abundances of PLFA biomarkers across
the four stand ages, the ratios of PLFA biomarkers significantly differed among stands (Figure 3).
Consistent with the study of Yang et al. [52] and contrary to the result of Cavagnaro et al. [54], we found
that the F/B ratio significantly decreased in older stands, suggesting a lower soil nutritional stress
with tree growth, as bacteria tend to accumulate when soil nutrients are enough while a shift towards
fungal dominance will occur when soil nutrient contents decline [55,56]. In addition, the same as the
findings of Liu et al. [24], we also found decreased G+/G− ratio with increasing stand age, indicating
accumulation of easily-decomposable substrates in soils [29,50]. Both ratios implied a continuous
improvement of soil nutritional status over the 45 years. Thus, the rotation time should be over 25 years
to relieve the soil degradation of Chinese fir. Furthermore, although the absolute abundances of PLFAs
did not exhibit changes across the stands, the F/B and G+/G− ratios could still be used as sensitive
parameters of microbial responses to soil fertility changes [36,57], confirming our hypothesis that the
microbial communities changed with increasing stand age.

In our study, the phosphatase andβ-glucosidase activities were highest in 45-year stands (Figure 4).
Wang et al. also demonstrated higher enzyme activities in 49-year Chinese fir plantations [11].
Surprisingly, the highest urease activities were found in the 15-year stands, not in the 45-year ones,
which was not in line with Kang et al. who reported a continuous increase of urease activity from
15 years to 35 years in dawn redwood plantations [17]. The reasons remain unknown. Our finding that
insignificant changes of microbial PLFAs accompanied by notable variations in soil enzyme activities
in different developmental stages was consistent with that of Yang et al. [49], possibly suggesting that
not all microbes participate in nutrient metabolism.

4.3. Relationships Between Physicochemical Properties and Microbial Communities

Both the results of Pearson correlation and RDA demonstrated that net N mineralization was
significantly associated with microbial communities (Table 4, Figure 5). The significant links between net
nitrogen mineralization rate and microbial community structure are not surprising given that changes
in soil microbial community have a close correlation with soil N cycling [58] and N mineralization in
soil is a result of microbial activity [59]. However, inconsistent with Wu et al. and Wan et al. who both
mentioned that soil C/N ratio was linked with soil biological indicators of Chinese fir forests [55,60],
we did not observe obvious correlations between C/N ratio and biological variables. This result might
be explained by the small range of C/N ratio (11.94-12.62) compared to other studies on Chinese fir [48].
For example, Zhang et al. and Wang et al. reported that the C/N ratio ranged from 8 to 11 and from 12
to 18, respectively [11,40].



Forests 2019, 10, 629 11 of 14

5. Conclusions

In this study, soil physicochemical and biological properties varied with planting age of Chinese
fir. Although no significant changes were found for the absolute abundances of PLFAs, the F/B and
G+/G− ratios significantly differed across the four stand ages. We, thus, suggest that these ratios might
be used as sensitive parameters of microbiome responses to soil changes with stand age. Furthermore,
we found that soil chemical and biological variables were generally lower in 25-year stands compared
to those in 45-year stands. Therefore, it is recommended that the rotation period should be prolonged
to over 25 years, but the exact cutting age of Chinese fir needs further study to achieve a balance
between ecological and economic benefits.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/8/629/s1,
Table S1. ANOVA results of the effects of stand ages.

Author Contributions: H.K. and Q.M. designed research; H.K., Q.M., J.W., and W.Y. performed research; W.Y. and
Q.M. analyzed data; and Q.M., W.Y., and H.K. wrote the paper.

Funding: This work was financially supported by the National Key R & D Program of China (2017YFC0505501,
2016YFD0600206) and the National Natural Science Foundation of China (31770746, 31270491).

Acknowledgments: We thank Guangzheng Liu, Hongping Jin, Ningxiao Sun, Baoming Du, Ji Zheng, Jun Yuan,
Xinli Hu, Jinglin Luo and Ruiming Liu for their assistance in field work. We also thank Chunjiang Liu and the two
anonymous reviewers for their constructive comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, X.L.; Chen, H.H.; Chen, X.; Wang, J.; Chen, B.; Wang, D.; Guan, Q.W. Soil labile organic carbon and
carbon-cycle enzyme activities under different thinning intensities in Chinese fir plantations. Appl. Soil Ecol.
2016, 107, 162–169. [CrossRef]

2. Yan, W.D.; Deng, X.W.; Chen, X.Y.; Tian, D.L.; Xiang, W.H.; Peng, Y.Y. Long-term variations of rainfall
interception in different growth stages of Chinese fir plantations. Hydrol. Sci. J. 2015, 60, 2178–2188.
[CrossRef]

3. Zhao, M.F.; Xiang, W.H.; Tian, D.L.; Deng, X.W.; Huang, Z.H.; Zhou, X.L.; Peng, C.H. Effects of increased
nitrogen deposition and rotation length on long-term productivity of Cunninghamia lanceolata plantation in
Southern China. PLoS ONE 2013, 8, e55376. [CrossRef] [PubMed]

4. Selvaraj, S.; Duraisamy, V.; Huang, Z.J.; Guo, F.T.; Ma, X.Q. Influence of long–term successive rotations and
stand age of Chinese fir (Cunninghamia lanceolata) plantations on soil properties. Geoderma 2017, 306, 127–134.
[CrossRef]

5. Tian, D.L.; Xiang, W.H.; Chen, X.Y.; Yan, W.D.; Fang, X.; Kang, W.X.; Dan, X.W.; Peng, C.H.; Peng, Y.Y.
A long-term evaluation of biomass production in first and second rotations of Chinese fir plantations at the
same site. Forestry 2011, 84, 411–418. [CrossRef]

6. Zhang, X.Q.; Kirschbaum, M.U.F.; Hou, Z.H.; Guo, Z.H. Carbon stock changes in successive rotations
of Chinese fir (Cunninghamia lanceolata (lamb) hook) plantations. For. Ecol. Manag. 2004, 202, 131–147.
[CrossRef]

7. Wei, X.H.; Blanco, J.A. Significant increase in ecosystem C can be achieved with sustainable forest management
in subtropical plantation forests. PLoS ONE 2014, 9, e89688. [CrossRef] [PubMed]

8. Quiroga, A.; Funaro, D.; Noellemeyer, E.; Peinemann, N. Barley yield response to soil organic matter and
texture in the Pampas of Argentina. Soil Tillage Res. 2006, 90, 63–68. [CrossRef]

9. Nakane, K. Soil carbon cycling in a Japanese cedar (Cryptomeria japonica) plantation. For. Ecol. Manag. 1995,
72, 185–197. [CrossRef]

10. Reeves, D.W. The role of soil organic matter in maintaining soil quality in continuous cropping systems.
Soil Tillage Res. 1997, 43, 131–167. [CrossRef]

11. Wang, C.Q.; Xue, L.; Dong, Y.H.; Hou, L.Y.; Wei, Y.H.; Chen, J.Q.; Jiao, R.Z. Contrasting effects of Chinese fir
plantations of different stand ages on soil enzyme activities and microbial communities. Forests 2019, 10, 11.
[CrossRef]

http://www.mdpi.com/1999-4907/10/8/629/s1
http://dx.doi.org/10.1016/j.apsoil.2016.05.016
http://dx.doi.org/10.1080/02626667.2014.964243
http://dx.doi.org/10.1371/journal.pone.0055376
http://www.ncbi.nlm.nih.gov/pubmed/23390533
http://dx.doi.org/10.1016/j.geoderma.2017.07.014
http://dx.doi.org/10.1093/forestry/cpr029
http://dx.doi.org/10.1016/j.foreco.2004.07.032
http://dx.doi.org/10.1371/journal.pone.0089688
http://www.ncbi.nlm.nih.gov/pubmed/24586964
http://dx.doi.org/10.1016/j.still.2005.08.019
http://dx.doi.org/10.1016/0378-1127(94)03465-9
http://dx.doi.org/10.1016/S0167-1987(97)00038-X
http://dx.doi.org/10.3390/f10010011


Forests 2019, 10, 629 12 of 14

12. Yu, X.; Yang, L.; Fei, S.X.; Ma, Z.T.; Hao, R.Q.; Zhao, Z. Effect of soil layer and plant-soil interaction on soil
microbial diversity and function after canopy gap disturbance. Forests 2018, 9, 680. [CrossRef]

13. Harris, J.A. Measurements of the soil microbial community for estimating the success of restoration. Eur. J.
Soil Biol. 2003, 54, 801–808. [CrossRef]

14. Smith, A.P.; Marin-Spiotta, E.; Balser, T. Successional and seasonal variations in soil and litter microbial
community structure and function during tropical postagricultural forest regeneration: A multiyear study.
Glob. Chang. Biol. 2015, 21, 3532–3547. [CrossRef] [PubMed]

15. Yu, S.B.; Wang, D.; Dai, W.; Li, P. Soil carbon budget in different-aged Chinese fir plantations in south China.
J. For. Res. 2014, 25, 621–626. [CrossRef]

16. Li, P.; Zheng, A.B.; Ruan, H.H.; Li, L.; Shen, Y.J.; Zhao, Q.Q.; Xie, T. Variation of soil labile organic carbon in
different age Chinese fir plantations in south Jiangsu. Chin. J. Ecol. 2011, 30, 778–783.

17. Lan, S.A.; Du, H.; Zeng, F.P.; Song, T.Q.; Peng, W.X.; Han, C.; Chen, L.; Su, L. Carbon storage and allocation
in Cunninghamia lanceolata plantations with different stand ages. Chin. J. Appl. Ecol. 2016, 27, 1125–1134.

18. Yu, Y.C.; Yang, J.Y.; Zeng, S.C.; Wu, D.M.; Jacobs, D.F.; Sloan, J.L. Soil pH, organic matter, and nutrient
content change with the continuous cropping of Cunninghamia lanceolata plantations in South China. J. Soils
Sediments 2017, 17, 2230–2238. [CrossRef]

19. Li, H.T.; Zhang, Y.; Wei, Z.C.; Jia, D.D.; Liu, Y.H.; Liu, A.Q. Evaluation on soil fertility of Chinese fir plantations
in different development stages. For. Res. 2017, 30, 322–328.

20. Jiao, R.Z.; Yang, C.D.; Tu, X.N.; Sheng, W.T. The change of undergrowth, soil microorganism, enzyme activity
and nutrient in different developing stage of the Chinese fir plantation. For. Res. 1997, 4, 34–40.

21. Wang, D.; Dai, W.; Wang, B.; Ping, L.I.; Deng, Z.F. Changes of soil properties at different developmental
stages of Chinese fir plantations. J. Beijing For. Univ. 2010, 32, 59–63.

22. Zhou, L.L.; Shalom, A.D.D.; Wu, P.F.; He, Z.M.; Liu, C.H.; Ma, X.Q. Biomass production, nutrient cycling and
distribution in age-sequence Chinese fir (Cunninghamia lanceolate) plantations in subtropical China. J. For.
Res. 2016, 27, 357–368. [CrossRef]

23. Wu, Z.Y.; Haack, S.E.; Lin, W.X.; Li, B.L.; Wu, L.K.; Fang, C.X.; Zhang, Z.X. Soil microbial community structure
and metabolic activity of pinus elliottii plantations across different stand ages in a subtropical area. PLoS ONE
2015, 10, e0135354. [CrossRef] [PubMed]

24. Liu, S.; Wu, Z.H.; Guo, X.M.; Sheng, K.Y.; Zhu, X.C.; Wen, W.H.; Zhang, W.Y. Soil microbial community
structure characteristics of Chenshan Red-heart Chinese fir of different stand ages. Chin. J. Appl. Ecol. 2016,
22, 510–517.

25. Sheng, W.T.; Yang, C.D.; Fan, S.H. Variation of soil properties of Chinese fir plantation. For. Res. 2003, 16,
377–385.

26. Ma, X.Q.; Heal, K.V.; Liu, A.Q.; Jarvis, P.G. Nutrient cycling and distribution in different-aged plantations of
Chinese fir in southern China. For. Ecol. Manag. 2007, 243, 61–74. [CrossRef]

27. Pei, Y.M.; Lei, P.F.; Xiang, W.H.; Ouyang, S.; Xu, Y.Y. Effect of stand age on fine root biomass, production and
morphology in Chinese fir plantations in Subtropical China. Sustainability 2018, 10, 2280. [CrossRef]

28. Kang, H.Z.; Liu, C.J.; Yu, W.J.; Wu, L.L.; Chen, D.M.; Xiao, S.; Ma, X.P.; Hu, H.B.; Zhu, X.L. Variation in foliar
δ15N among oriental oak (Quercus variabilis) stands over eastern China: Patterns and interactions. J. Geochem.
Explor. 2011, 110, 8–14. [CrossRef]

29. Kang, H.Z.; Gao, H.H.; Yu, W.J.; Yi, Y.; Wang, Y.; Ning, M.L. Changes in soil microbial community structure
and function after afforestation depend on species and age: Case study in a subtropical alluvial island.
Sci. Total Environ. 2018, 625, 1423–1432. [CrossRef]

30. Frostegård, Å.; Bååth, E.; Tunlio, A. Shifts in the structure of soil microbial communities in limed forests as
revealed by phospholipid fatty acid analysis. Soil Biol. Biochem. 1993, 25, 723–730. [CrossRef]

31. Bardgett, R.D.; Hobbs, P.J.; Frostegard, A. Changes in soil fungal-bacterial biomass ratios following reductions
in the intensity of management of an upland grassland. Biol. Fertil. Soils 1996, 22, 261–264. [CrossRef]

32. Zelles, L. Phospholipid fatty acid profiles in selected members of soil microbial communities. Chemosphere
1997, 35, 275–294. [CrossRef]

33. Zelles, L. Fatty acid patterns of phospholipids and lipopolysaccharides in the characterisation of microbial
communities in soil: A review. Biol. Fertil. Soils 1999, 29, 111–129. [CrossRef]

34. Frostegard, A.; Baath, E. The use of phospholipid fatty acid analysis to estimate bacterial and fungal biomass
in soil. Biol. Fertil. Soils 1996, 22, 59–65. [CrossRef]

http://dx.doi.org/10.3390/f9110680
http://dx.doi.org/10.1046/j.1351-0754.2003.0559.x
http://dx.doi.org/10.1111/gcb.12947
http://www.ncbi.nlm.nih.gov/pubmed/25873563
http://dx.doi.org/10.1007/s11676-014-0500-z
http://dx.doi.org/10.1007/s11368-016-1472-8
http://dx.doi.org/10.1007/s11676-015-0167-0
http://dx.doi.org/10.1371/journal.pone.0135354
http://www.ncbi.nlm.nih.gov/pubmed/26267338
http://dx.doi.org/10.1016/j.foreco.2007.02.018
http://dx.doi.org/10.3390/su10072280
http://dx.doi.org/10.1016/j.gexplo.2011.02.002
http://dx.doi.org/10.1016/j.scitotenv.2017.12.180
http://dx.doi.org/10.1016/0038-0717(93)90113-P
http://dx.doi.org/10.1007/BF00382522
http://dx.doi.org/10.1016/S0045-6535(97)00155-0
http://dx.doi.org/10.1007/s003740050533
http://dx.doi.org/10.1007/BF00384433


Forests 2019, 10, 629 13 of 14

35. Olsson, P.A. Signature fatty acids provide tools for determination of the distribution and interactions of
mycorrhizal fungi in soil. For. Ecol. Manag. 1999, 29, 303–310. [CrossRef]

36. Cao, Y.S.; Fu, S.L.; Zou, X.M.; Cao, H.L.; Shao, Y.H.; Zhou, L.X. Soil microbial community composition under
Eucalyptus plantations of different age in subtropical China. Eur. J. Soil Biol. 2010, 46, 128–135. [CrossRef]

37. Wei, Z.C.; Huang, J.; Liu, Y.H.; Jia, D.D.; Li, H.T.; Wu, P.F.; Liu, A.Q. Community characteristics of soil
bacteria of Cunninghamia lanceolata plantations at different developmental stages. J. Southwest For. Univ. 2017,
37, 122–129.

38. Chen, G.S.; Yang, Z.J.; Gao, R.; Xie, J.S.; Guo, J.F.; Huang, Z.Q.; Yang, Y.S. Carbon storage in a chronosequence
of Chinese fir plantations in southern China. For. Ecol. Manag. 2013, 300, 68–76. [CrossRef]

39. Xu, L.; Shi, Y.J.; Fang, H.Y.; Zhou, G.M.; Xu, X.J.; Zhou, Y.F.; Tao, J.X.; Ji, B.Y.; Xu, J.; Li, C.; et al. Vegetation
carbon stocks driven by canopy density and forest age in subtropical forest ecosystems. Sci. Total Environ.
2018, 631–632, 619–626. [CrossRef]

40. Zhang, Y.; Wei, Z.C.; Li, H.T.; Guo, F.T.; Wu, P.F.; Zhou, L.L.; Ma, X.Q. Biochemical quality and accumulation
of soil organic matter in an age sequence of Cunninghamia lanceolata plantations in southern China. J. Soils
Sediments 2017, 17, 2218–2229. [CrossRef]

41. Jia, Y.Y.; Zhou, L.L.; Wu, P.F.; Liu, Y.H.; Ma, X.Q. Characterization of understory community of Cunninghamia
lanceolata plantations at different developmental stages. J. For. Environ. 2016, 36, 36–41.

42. Lin, K.M.; Ma, X.Q.; Fan, S.H.; Zhang, X.Q.; Zhuo, S.A.; Jin, C.X. The laws of understory plant growth in
Chinese fir plantations. J. Fujian Coll. For. 2000, 3, 231–234.

43. Yang, C.; Tian, D.L.; Hu, Y.L.; Yan, W.D.; Fang, X.; Liang, X.C. Dynamics of understory vegetation biomass in
successive rotations of Chinese fir (Cunninghamia lanceolata) plantations. Acta Ecol. Sin. 2011, 31, 2737–2747.

44. Selvalakshmi, S.; Vasu, D.; Huang, Z.J.; Guo, F.; Ma, X.Q. Soil nutrients dynamics in broadleaved forest and
Chinese fir plantations in subtropical forests. J. Trop. For. Sci. 2018, 30, 242–251.

45. Chen, L.C.; Wang, H.; Yu, X.; Zhang, W.D.; Lu, X.T.; Wang, S.L. Recovery time of soil carbon pools of
conversional Chinese fir plantations from broadleaved forests in subtropical regions, China. Sci. Total
Environ. 2017, 587, 296–304. [CrossRef]

46. Pietikainen, J.; Tikka, P.J.; Valkonen, S.; Isomaki, A.; Fritze, H. Is the soil microbial community related to the
basal area of trees in a Scots pine stand? Soil Biol. Biochem. 2007, 39, 1832–1834. [CrossRef]

47. Chen, F.L.; Zheng, H.; Zhang, K.; Ouyang, Z.Y.; Li, H.L.; Wu, B.; Shi, Q. Soil microbial community structure
and function responses to successive planting of Eucalyptus. J. Environ. Sci. 2013, 25, 2102–2111. [CrossRef]

48. Mackay, J.E.; Cunningham, S.C.; Cavagnaro, T.R. Riparian reforestation: Are there changes in soil carbon
and soil microbial communities? Sci. Total Environ. 2016, 566, 960–967. [CrossRef]

49. Yang, Q.; Lei, A.P.; Li, F.L.; Liu, L.A.; Zan, Q.J.; Shin, P.K.S.; Cheung, S.G.; Tam, N.F.Y. Structure and function
of soil microbial community in artificially planted Sonneratia apetala and S. caseolaris forests at different stand
ages in Shenzhen Bay, China. Mar. Pollut. Bull. 2014, 85, 754–763. [CrossRef]

50. Yang, M.; Yang, D.; Yu, X. Soil microbial communities and enzyme activities in sea-buckthorn (Hippophae
rhamnoides) plantation at different ages. PLoS ONE 2018, 13, e0190959. [CrossRef]

51. Luo, D.; Liu, S.; Shi, Z.M.; Feng, Q.H.; Liu, Q.L.; Zhang, L.; Huang, Q.; He, J.S. Soil microbial community
structure in Picea asperata plantations with different ages in subalpine of western Sichuan, Southwest China.
Chin. J. Appl. Ecol. 2017, 28, 519–527.

52. Liu, Z.K.; Tian, S.; Tang, M. Spatial distribution of arbuscular Mycorrhizal fungi and its relationship with soil
factors in the Rhizosphere of Robinia pseudoacacia at different ages. Scientia Silvae Sinicae 2013, 49, 89–95.

53. Baddeley, J.A.; Watson, C.A. Influences of root diameter, tree age, soil depth and season on fine root
survivorship in Prunus avium. Plant Soil 2005, 276, 15–22. [CrossRef]

54. Cavagnaro, T.R.; Cunningham, S.C.; Fitzpatrick, S. Pastures to woodlands: Changes in soil microbial
communities and carbon following reforestation. Appl. Soil Ecol. 2016, 107, 24–32. [CrossRef]

55. Wu, Z.Y.; Li, J.J.; Zheng, J.; Liu, J.F.; Liu, S.Y.; Lin, W.X.; Wu, C.Z. Soil microbial community structure and
catabolic activity are significantly degenerated in successive rotations of Chinese fir plantations. Sci. Rep.
2017, 7, 7. [CrossRef] [PubMed]

56. Corneo, P.E.; Pellegrini, A.; Cappellin, L.; Roncador, M.; Chierici, M.; Gessler, C.; Pertot, I. Microbial
community structure in vineyard soils across altitudinal gradients and in different seasons. For. Ecol. Manag.
2013, 84, 588–602. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1574-6941.1999.tb00621.x
http://dx.doi.org/10.1016/j.ejsobi.2009.12.006
http://dx.doi.org/10.1016/j.foreco.2012.07.046
http://dx.doi.org/10.1016/j.scitotenv.2018.03.080
http://dx.doi.org/10.1007/s11368-016-1476-4
http://dx.doi.org/10.1016/j.scitotenv.2017.02.140
http://dx.doi.org/10.1016/j.soilbio.2007.01.035
http://dx.doi.org/10.1016/S1001-0742(12)60319-2
http://dx.doi.org/10.1016/j.scitotenv.2016.05.045
http://dx.doi.org/10.1016/j.marpolbul.2014.02.024
http://dx.doi.org/10.1371/journal.pone.0190959
http://dx.doi.org/10.1007/s11104-005-0263-6
http://dx.doi.org/10.1016/j.apsoil.2016.05.003
http://dx.doi.org/10.1038/s41598-017-06768-x
http://www.ncbi.nlm.nih.gov/pubmed/28751741
http://dx.doi.org/10.1111/1574-6941.12087
http://www.ncbi.nlm.nih.gov/pubmed/23398556


Forests 2019, 10, 629 14 of 14

57. Grayston, S.J.; Campbell, C.D.; Bardgett, R.D.; Mawdsley, J.L.; Clegg, C.D.; Ritz, K.; Griffiths, B.S.; Rodwell, J.S.;
Edwards, S.J.; Davies, W.J.; et al. Assessing shifts in microbial community structure across a range of grasslands
of differing management intensity using CLPP, PLFA and community DNA techniques. Appl. Soil Ecol. 2004,
25, 63–84. [CrossRef]

58. Huang, Z.Q.; Wan, X.H.; He, Z.M.; Yu, Z.P.; Wang, M.H.; Hu, Z.H.; Yang, Y.S. Soil microbial biomass,
community composition and soil nitrogen cycling in relation to tree species in subtropical China.
Soil Biol. Biochem. 2013, 62, 68–75. [CrossRef]

59. Puri, G.; Ashman, M.R. Relationship between soil microbial biomass and gross N mineralisation. Soil Biol.
Biochem. 1998, 30, 251–256. [CrossRef]

60. Wan, X.H.; Huang, Z.Q.; He, Z.M.; Yu, Z.P.; Wang, M.H.; Davis, M.R.; Yang, Y.S. Soil C:N ratio is the major
determinant of soil microbial community structure in subtropical coniferous and broadleaf forest plantations.
Plant Soil 2015, 387, 103–116. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0929-1393(03)00098-2
http://dx.doi.org/10.1016/j.soilbio.2013.03.008
http://dx.doi.org/10.1016/S0038-0717(97)00117-X
http://dx.doi.org/10.1007/s11104-014-2277-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Site 
	Field Sampling 
	Soil Physicochemical Properties Analysis 
	Phospholipid Fatty Acid (PLFA) Analysis 
	Enzyme Activity Analysis 
	Statistical Analysis 

	Results 
	Soil Physicochemical Properties 
	Microbial PLFA Biomass and Structure 
	Soil Enzyme Activity 
	Relationship between Soil Physicochemical and Biological Indicators 

	Discussion 
	Effect of Stand Age on Soil Physicochemical Properties 
	Effect of Stand Age on Microbial Communities and Enzyme Activities 
	Relationships Between Physicochemical Properties and Microbial Communities 

	Conclusions 
	References

