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Abstract
Purpose Rhizosphere and fertilization might affect soil microbial activities, biomass, and community. This study aimed to
evaluate the impacts of Phyllostachys edulis (moso bamboo) rhizospheres on soil nutrient contents and microbial properties in
a moso bamboo forest with different fertilizer applications and to link soil microbial activities with abiotic and biotic factors.
Materials and methods The experiment included three treatments: (1) application of 45% slag fertilizer (45%-SF); (2) application
of special compound fertilizer for bamboos (SCF); and (3) the control without any fertilizer application (CK). Simultaneously, bulk
soils and 0.5, 2.5, 4.5, and 6.5-year-old (y) bamboo rhizosphere soils were selected. Soil nutrient contents were analyzed. Microbial
activities were evaluated based on the activities of soil enzymes including β-glucosidase, urease, protease, phosphatase, and
catalase. The total microbial biomass and community were assessed with the phospholipid fatty acids (PLFAs) method.
Results and discussion In the CK and SCF treatments, organic matter contents of rhizosphere soils were significantly higher than
those of bulk soils. Soilβ-glucosidase, urease, protease, phosphatase, and catalase activities in rhizosphere soils were higher than
those of bulk soils, with the sole exception of β-glucosidase of 0.5 y rhizosphere soil in the 45%-SF treatment. Compared with
the CK treatment, fertilizer applications tended to increase soil total PLFAs contents and changed soil microbial community.
Moso bamboo rhizospheres did not significantly increase the total microbial biomass. In the SCF treatment, the Shannon index of
bulk soil was significantly lower than those of rhizosphere soils.
Conclusions Our results suggested that both rhizospheres and fertilizer applications could change the soil microbial community
structures and that moso bamboo rhizosphere could increase microbial activity rather than biomass in the forest soils with
different fertilizer applications.
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1 Introduction

Accounting for approximately 1% of the global forest area,
bamboo forest has experienced a stable and ongoing increase
during the past decades and plays key functional roles in pu-
rifying air and reducing soil erosion and water runoff
(Bystriakova et al. 2003; Zhou et al. 2011). Phyllostachys
edulis (moso bamboo) is the most widespread bamboo species
in Asian countries, and according to the latest survey, the
moso bamboo covers approximately 4 million hectares in
China (Ge et al. 2018). Moso bamboo plantations generate
enormous benefits to local environmental protection and eco-
nomic growth (Peng et al. 2013). Moso bamboo is the main
source of non-wood forest product, and its timber has versatile
applications in clothing ingredient, papermaking, laminated
beams, and bamboo flooring (Sukmawan et al. 2016).
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Moreover, bamboo shoot is also an important and popular
vegetable (Raghubanshi 1994; Sukmawan et al. 2016).
Therefore, different management practices, such as understory
vegetation removal, plowing, and shoot harvests, have been
conducted in bamboo plantation to maintain high productivity
(Raghubanshi 1994; Liu et al. 2011). Apart from the manage-
ment practices above, fertilizer application is also one of the
common intensive management regimes in forest plantation.
As anthropogenic disturbances, these intensive management
practices may generate inconsistent influences on soil nutrient
contents and microbial properties (Cui et al. 2017; Bei et al.
2018). Cui et al. (2017) revealed that soil organic matter con-
tents and bacterial communities in subtropical forest were re-
silient to changes derived from N additions. Other studies
demonstrated that fertilization significantly changed soil mi-
crobial community and microbial carbon source utilization
(Bei et al. 2018). Despite considerable efforts to elucidate
the impacts of fertilizer applications on soil nutrient and envi-
ronment, large knowledge gap still exists. The majorities of
previous studies about fertilizers were mainly focused on ag-
ricultural soils, but little attention has been paid to the bamboo
forest soils. On the other hand, the responses of soil nutrients
and microorganisms could also be used to evaluate fertilizer
performances and optimize fertilizer application rates (Wei
et al. 2016; Geisseler et al. 2017). Therefore, more studies
are still required to quantify the potential impacts of fertilizer
application on microbial communities in the bamboo forest
soils.

Moso bamboo plants could emerge from shoots and culms,
due to its unique rhizome system, and this extensive rhizome
system contributes moso bamboo to spread laterally and en-
ables moso bamboo to inhabit even amidst harsh nutrient con-
ditions (Chongtham et al. 2011; Chang and Chiu 2015). For
moso bamboo species, there is a special rhizosphere and ac-
tive rhizomatous clonal growth. New shoot of moso bamboo
is produced in early spring, and the bamboo has special leaf
life span, with the emergence and elongation of another new
shoot in every 2 years (Song et al. 2016). Previous studies
revealed that in the same soil, plant colonizing might errati-
cally alter rhizosphere microbial community, depending on
root exudates and rhizosphere sizes (Haichar et al. 2008;
Bressan et al. 2009). Therefore, in moso bamboo forest, the
rhizosphere effects might also be determined by ages of moso
bamboo plants. However, to the best of our knowledge, little
information is available about the rhizosphere effects of dif-
ferent age moso bamboo plants.

Based on the above, the aims of this study were to (1)
assess the effects of different fertilizer applications on nutrient
contents and microorganisms in the moso bamboo forest soils;
(2) quantify the impacts of different age moso bamboo rhizo-
spheres on soil microbial activities, biomass, and communi-
ties; and (3) linkmicrobial activities with nutrient contents and
biomass of different microorganisms. Microbial activities

were evaluated based on the activities of soil enzymes includ-
ing β-glucosidase, urease, protease, phosphatase, and cata-
lase. Simultaneously, geometric mean of enzymes activities
(GMEA) was also calculated to integrate soil enzyme activi-
ties from variables with different units and variation range, for
the GMEA was also a key parameter in assessing the whole
soil microbial activities (Lu et al. 2015; Sanchez-Hernandez
et al. 2018). The total microbial biomass and community were
assessed with the phospholipid fatty acids (PLFAs) method,
and total fungal, bacterial, and actinomycetal biomass were
also quantified. The results of this study will be useful for
expanding our horizons about the rhizosphere effects of moso
bamboo and understanding the impacts of fertilizer applica-
tions on nutrient contents and microorganisms in bamboo for-
est soils.

2 Materials and methods

2.1 Experimental site and fertilizers

The experimental site was located in Guan Shan Foresty Farm
(115° 29′ E, 27° 13′ N), Jiangxi Province, China, and this
forestry farm was founded in 1963 and was set in the middle
of the hillside. The local average temperature is 16.2 °C, and
the annual average precipitation is 1950–2100 mm. The sur-
face soil is classified into red soil developed from granite. All
the climatic, environmental, and soil conditions are suitable
for the growth of moso bamboo. Apart from the moso bam-
boo, some other species also exist in this forestry farm, includ-
ing Cunninghamia lanceolata Lamb (Chinese Fir), Pinus
massoniana Lamb (Masson Pine), and Robinia pseudoacacia
Linn (Locust). In this study, 45% slag fertilizer and special
compound fertilizer for bamboos were applied. These two
fertilizers were manufactured by Wenshen Fertilizer
Company (Hefei, China) and Liuyang Compound Fertilizer
Company (Hunan, China), respectively, and nutrient contents
of these two fertilizers are demonstrated in Table S1
(Electronic Supplementary Material—ESM).

2.2 Experimental design

The current experiment studied two factors, namely fertilizer
applications and rhizosphere effects of different age moso
bamboos. The different fertilization treatments were (1) appli-
cation of 45% slag fertilizer (45%-SF); (2) application of spe-
cial compound fertilizer for bamboos (SCF); and (3) the con-
trol without any fertilizer application (CK). Each treatment
was tested in three replicate plots. In the bamboo forest, the
plots with similar bamboo and soil characteristics were
established before fertilization. The area of each plot was
400 m2, and the distance between different plots was 10 m.
The fertilizers were applied into different plots at the rate of
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15.0 kg, and after 1 year, bulk soils and 0.5, 2.5, 4.5, and 6.5-
year-old (y) bamboo rhizosphere soils were randomly taken
(0–10 cm) from each plot. The ages of bamboo were recog-
nized with the method of leaf life span of moso bamboo. One
part of the soil sample was air-dried and sieved to < 2 mm for
determinations of soil nutrient contents, and the other part was
kept at 4 °C prior to quantifying soil enzyme and microbial
properties.

2.3 Determinations of soil nutrient contents

Soil nutrient contents were analyzed according to the
methods described by Lu (2000). Soil organic matters
(OM) were digested by oil-bath heating soil samples with
the potassium dichromate and sulfuric acid (H2SO4), and
total carbon (C) contents were quantified by titrating. Soil
C contents were then converted into OM contents. Soil
available nitrogen (AN) contents were measured by the
alkaline-hydrolysis diffusion method. Soil samples were
firstly digested with the sodium hydroxide (NaOH) melt-
ing method, and then the total phosphorus (TP) contents
were analyzed by the molybdenum antimony colorimetric
method with a spectrophotometer at 700 nm. Soil total
potassium (TK) was obtained by heating the soil sample
with hydrofluoric and perchloric acids in a crucible, and
soil available K (AK) were extracted with 1 M ammonium
acetate. The K contents were then quantified with the
flame photometry.

2.4 Determinations of soil enzyme activities

Soil enzyme activities, including β-glucosidase, urease, pro-
tease, phosphatase, and catalase, were analyzed with the
methods described by Guan (1986) with minor modifications.
In each determination of soil enzyme, blanks without soils and
samples without substrates of enzyme reaction were also in-
cluded for the quality control.

Soil β-glucosidase determination the analytical enzyme
activity was based on the reaction that soil β-glucosidase
could specially hydrolyze p-nitrophenyl-β-d-glucoside to
generate p-nitrophenol (pNP). Briefly, after pre-incubated
with toluene, soil samples were incubated with the buffer
(pH = 6.0 citrate-phosphate buffer) and p-nitrophenyl-β-d-
glucoside at 37 °C for 1 h. After additions of calcium chloride
(CaCl2) and NaOH solutions to terminate the enzyme action,
the mixtures were centrifuged and filtered, and concentrations
of generated pNP were quantified with a spectrophotometer at
410 nm. The result of soil β-glucosidase activity was convert-
ed into μg pNP g−1 dry soil d−1.

Soil urease determination Fresh soil samples (approximately
5.0 g) were placed in a 50-mL Erlenmeyer flask and pre-
incubated with toluene for 15 min. After additions of

20.0 mL of buffer (pH = 6.7 citric acid buffer) and 10.0 mL
of substrate (urea), the mixtures were kept at 37 °C for 24 h.
After filtering, 3.0 mL of filtrates was placed into 50.0 mL
volumetric flask and then successively treated with 10.0 mL
of double distilled H2O (ddH2O), 4.0 mL of sodium phenate,
and 3.0 mL of sodium hypochlorite. Concentrations of indo-
phenol blue were quantified within 1 h. The result of soil
urease activity was expressed with the unit of mg NH4

+-
N g−1 dry soil d−1.

Soil phosphatase determination Phosphatase activity was al-
so determined with the pNP release method. Briefly, fresh soil
samples (approximately 1.0 g) were treated with the toluene
and then incubated with p-nitrophenyl-phosphate disodium at
37 °C for 1 h. The enzyme reaction was terminated by adding
CaCl2 and NaOH solutions, and the concentrations of the pNP
were quantified. The result of soil phosphatase activity was
converted into mg pNP g−1 dry soil d−1.

Soil catalase determination Fresh soil samples (approximately
5.0 g) were mixed with 40.0 mL of ddH2O and 5.0 mL of
0.3% hydrogen peroxide solution. The mixtures were shaken
at 25 °C for 20 min. After terminating the enzyme action with
the H2SO4 (3 mol L−1), the mixtures were filtered, and the
filtrates were then titratedwith 0.1 mol L−1 potassium perman-
ganate (KMnO4) solution. Soil catalase activity was converted
into mL KMnO4 g

−1 dry soil d−1.

2.5 Determinations of soil phospholipid fatty acids

Soil phospholipid fatty acids (PLFAs) were analyzed with
the method of Bardgett et al. (1996). Briefly, freeze-dried
soil samples (8 g) were treated with a mixture of chloro-
form, methanol, and phosphate (1: 2: 0.8), and then the
mixtures were shaken for 2 h. After centrifuging at the
speed of 2000g for 10 min, lipids were separated with solid
phase extraction chromatography, and the phospholipids
were methylated with a mild-alkaline solution, purified,
dried with N2, and dissolved in hexane. The PLFAs analy-
ses were conducted on a gas chromatograph coupled with a
mass spectrometer (Hewlett-Packard 6890). The PLFAs
were identified by comparing their retention times and
mass spectras with those from standard compounds and
from spectral database. In the determination of soil
PLFAs, blanks without soil samples were also included
for quality control. Concentrations of PLFAs were quanti-
fied with an internal standard calibration method and con-
verted into ng g−1 dry soil. The total fungal, bacterial
(gram-posit ive and gram-negative bacteria) , and
actinomycetal PLFAs contents were calculated with all
PLFA biomarkers of a specific group, and the biomarkers
of different biological groups are demonstrated in Table S2
(ESM). The fungal to bacterial (F/B), actinomycetal to
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bacterial (A/B), and gram-positive to gram-negative bacte-
rial (G+/G−) ratios were also calculated.

2.6 Calculation and statistical analysis

Geometric means of enzyme activities were calculated to in-
tegrate soil enzymes with different units

Geometric means of enzyme activities

¼ Glu� Ure� Pho� Pro� Catð Þ1=5

where Glu, Ure, Pro, Pho, and Cat were soil β-glucosidase,
urease, protease, phosphatase, and catalase activities, respec-
tively, in the same soil sample.

Soil microbial community diversities were calculated, in-
cluding Shannon index for the species richness and Simpson
index for the most common species, with the following equa-
tions:

Shannon index¼−∑pi lnpið Þ
Simpson index¼1−∑ pið Þ2

where pi is the percentage value of a special PLFA content to
the total PLFAs content in each sample.

Two-way analysis of variance was employed to determine
significant differences among rhizospheres, fertilizer applica-
tions, and their interactions with SPSS v. 25.0, followed by
Duncan’s multiple range test to detect significant differences
(P < 0.05) among the different rhizospheres and fertilizer
treatments. Principal component analysis (PCA) was used to
separate soil microbial activity or community structure among
the fifteen different groups (three fertilizer treatments * five
different soils in each treatment).

Path analysis was conducted with SPSS Amos 23.0 to
quantify direct and indirect impacts of soil properties and mi-
crobial biomass on soil enzyme activates. First, we hypothe-
sized that soil organic matters and other nutrients could affect
each other. Second, soil nutrient contents could generate direct
impacts on soil fungal, bacterial, and actinomycetal biomass.
Third, soil nutrient contents and different microbial biomass
could directly affect the soil enzyme activities. The theoretical
structural model was tested with the chi-squared fit statistic
and other goodness-of-fit tests and then was adjusted.

3 Results

3.1 Effects of rhizosphere and fertilizer application
on soil nutrient contents

According to the results demonstrated in Table 1, the rhizo-
sphere was a key factor affecting soil nutrient contents, with
the sole exception of TP content, and the interactions of

rhizosphere and fertilizer application could significantly
(P < 0.05) affect the soil nutrient contents analyzed in this
study. In the CK treatment, soil OM contents ranged from
22.0 ± 0.6 g kg−1 to 34.7 ± 1.2 g kg−1, and the OM contents
of rhizosphere soils were significantly (P < 0.05) higher than
that of the bulk soil. The same trend was also observed in the
SCF treatment (Fig. 1(A)), but in the 45%-SF treatment, there
was no significant difference in the OM content between the
bulk and 2.5 y rhizosphere soils. The highest AN contents
were observed in the 4.5 y, 6.5 y, and 2.5 y rhizosphere soils
for the CK, 45%-SF, and SCF treatments, respectively (Fig.
1(B)). The AN contents of different soils in the SCF treatment
were all significantly (P < 0.05) higher than their counterparts
in the CK treatment, except for the 4.5 y rhizosphere soil.
However, the TP contents of different soils in the CK treat-
ment were significantly (P < 0.05) higher than those in SCF
treatment (Fig. 1(C)). In the 45%-SF treatment, the TK con-
tent of the bulk soil was the lowest among the different five
soils, while in the SCF treatment, the bulk soil had the highest
TK content (Fig. 1(D)). The highest AK contents were ob-
served in the 4.5 y rhizosphere, bulk and 0.5 y rhizosphere
soils for the CK, 45%-SF, and SCF treatments, respectively
(Fig. 1(E)).

3.2 Effects of rhizosphere and fertilizer application
on soil enzyme activities

The rhizospheres of moso bamboos, fertilizers, and their in-
teractions could all significantly affect soil enzyme activities
in this study (Table 1). As demonstrated in Fig. 2(A), the β-
glucosidase activity of different soil samples in the CK treat-
ment tended to be lower than their counterparts in the 45%-SF
treatment. In the CK and SCF treatments, the lowest β-
glucosidase activities were both presented in the bulk soils,
with enzyme activities being 6.32 ± 1.32 to 15.76 ± 0.44 μg
pNP g−1 dry soil d−1, respectively. However, in the 45%-SF
treatment, the 0.5 y rhizosphere soil had the lowest β-
glucosidase activity (17.49 ± 1.44 μg pNP g−1 dry soil d−1).
For soil urease, the highest enzyme activities were all ob-
served in the 6.5 y rhizosphere soils, and the bulk soils all
had the lowest enzyme activities (Fig. 2(B)). In the three dif-
ferent treatments, the highest protease activities were demon-
strated in different rhizosphere soils, but the lowest protease
activities were always in the bulk soils (Fig. 2(C)). Compared
with the CK treatment, fertilizer applications significantly
(P < 0.05) increased phosphatase activities in the bulk soils,
and the phosphatase activity of bulk soil in the CK treatment
was 80.2% and 61.1% of those in the 45%-SF and SCF treat-
ments (Fig. 2(D)). The catalase activities were enhanced after
applying the 45%-SF, relative to the CK treatment (Fig. 2(E)).
In the three different treatments, the phosphatase and catalase
activities of bulk soils were significantly (P < 0.05) lower than
those in the rhizosphere soils, and the same trend was also
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observed in the geometric means of enzyme activities (Fig.
2(F)). Combining all the results presented in Fig. 2, we con-
cluded that soil microbial activities were increased by the
moso bamboo rhizospheres, regardless of bamboo ages.

3.3 Effects of rhizosphere and fertilizer application
on soil microbial biomass

Compared with the CK treatment, fertilizer applications
tended to increase soil total PLFAs contents in the different
soils, and in the SCF treatment, the PLFAs contents of differ-
ent rhizosphere soils were all significantly (P < 0.05) higher
than their counterparts in the CK treatment (Fig. 3(A)). Fungi
and bacteria had the similar trends in the PLFAs contents
among the five soils in different treatments, and the highest
fungal and bacterial PLFAs were both observed in the bulk
soils of the 45%-SF treatment, with the value being 1.80 × 103

and 1.00 × 104 ng g−1 dry soil, respectively (Fig. 3(B and C)).
For soil actinomycete, the bulk soils of fertilizer application
treatments had the highest contents, but in the CK treatment,
the 2.5 y rhizosphere soil had the highest actinomycetal
PLFAs (Fig. 3(D)). In the bulk soils, fertilizer applications
tended to increase the fungal/bacterial and actinomycetal/

bacterial PLFAs content ratios (Fig. S1A and S1B—ESM).
However, for the 6.5 y rhizosphere soils, compared with the
CK treatment, the PLFAs content ratios of gram-positive/
gram-negative bacteria were significantly decreased by the
fertilizer applications (Fig. S1C—ESM). In the three different
treatments, there were no significant differences in total mi-
crobial PLFAs contents between the bulk and rhizosphere
soils, and the same results were also observed in Table 1 that
the rhizosphere had negligible impacts on the total, fungal,
bacterial, or actinomycetal PLFAs.

3.4 Effects of rhizosphere and fertilizer application
on soil microbial community diversity

Both in the CK and 45%-SF treatments, there were no signif-
icant differences in the Shannon index between the bulk and
rhizosphere soils (Fig. 4(A)). In contrast, in the SCF treatment,
the Shannon index of bulk soil was significantly lower than
those of rhizosphere soils. Relative to the CK treatment, the
45%-SF application generated negligible impacts on the
Simpson index in the different soils. The Simpson indices of
bulk soils in the CK and 45%-SF treatments were significantly
lower than that in the SCF treatment whose bulk soil had the

Table 1 Two-way ANOVA for
soil nutrient contents, enzyme
activities, microbial PLFAs
contents, and community
diversity indices as affected by
rhizospheres, fertilizer
applications, and their
interactions

Determined parameters Rhizospheres Fertilizer applications Rhizospheres × Fertilizer
application

Soil organic matter 42.61** 60.43** 15.86**

Available N 42.98** 35.94** 36.84**

Total P 1.93 32.14** 1.19**

Total K 6.30** 536.11** 9.33**

Available K 6.80** 133.46** 39.39**

β-glucosidase activity 11.29** 47.62** 16.33**

Urease activity 14.14** 13.36** 9.05**

Protease activity 41.81** 55.07** 9.24**

Phosphatase activity 247.13** 96.33** 79.06**

Catalase activity 22.57** 141.05** 9.07**

Geometric means of enzyme activities 136.09** 36.06** 8.80**

Total PLFAs 2.06 19.57** 2.55*

Fungal PLFAs 1.30 9.13** 1.44

Bacterial PLFAs 1.72 6.27** 1.71

Gram-positive bacterial PLFAs 1.80 4.55* 1.61

Gram-negative bacteria PLFAs 2.24 8.25** 2.33*

G+/G− bacterial PLFAs 3.02* 5.46** 3.57**

Fungal/Bacterial PLFAs 4.25** 4.12* 2.92*

Actinomycetal PLFAs 0.96 12.67** 2.05

Actinomycetal/ Bacterial PLFAs 0.78 1.84 1.22

Shannon index 2.99* 1.26 3.94**

Simpson index 2.53 2.34 3.17*

Presented are the F values with the levels of significance, and significant differences are accepted at * P < 0.05 and
** P < 0.01

J Soils Sediments (2019) 19:2913–2926 2917



highest Simpson index among the five different soils (Fig.
4(B)). Although the microbial community diversities kept rel-
atively stable under the conditions of different fertilizer

applications, the interactions of rhizospheres and fertilizer ap-
plications indeed affected the Shannon and Simpson indices
(Table 1).
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Fig. 1 Effects of fertilizer applications on (A) organic matter, (B) avail-
able N, (C) total P, (D) total K, and (E) available K contents in the
rhizosphere of different age bamboos and bulk soils. Different low case

letters indicate significant differences (P < 0.05) among different soils for
a particular treatment, and different capital letters indicate significant
differences (P < 0.05) among different treatments for a particular soil
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Fig. 2 Effects of fertilizer applications on (A) β-glucosidase, (B) urease,
(C) protease, (D) phosphatase, and (E) catalase activities and (F) geomet-
ric means of enzyme activities in the rhizosphere of different age bam-
boos and bulk soils. Different low case letters indicate significant

differences (P < 0.05) among different soils for a particular treatment,
and different capital letters indicate significant differences (P < 0.05)
among different treatments for a particular soil
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3.5 Combined effects of rhizosphere and fertilizer
application on soil microorganisms

The analysis of soil sample locations showed that both the
fertilizer applications and rhizosphere were the factors
influencing soil microbial activities (Fig. 5(A)). For soil en-
zyme activities, the sum of PC1 and PC2 could explain
66.57% of the total variance. As depicted in the two-
dimensional PCA plot, the bulk soils of different treatments
were located towards the left side of PC1, with the PC1 values
of bulk soils being significantly lower than those of the rhizo-
sphere soils. Relative to the CK treatment, the soil samples of
the 45%-SF treatment, both the bulk and rhizosphere soils,
tended to shift to the positive side of PC2 (Fig. 5(A)). For
the microbial community structure, the PC1 and PC2 ex-
plained 65.27% and 7.30% of the total variance, respec-
tively. In the CK and 45%-SF treatments, relative to the
bulk soil, microbial community structure was only signif-
icantly affected by the 4.5 y rhizosphere, while in the SCF
treatment, both the 0.5 y and 4.5 y rhizospheres could
significantly change soil microbial community structure
(Fig. 5(B)). Moreover, for all the 4.5 y rhizosphere soils,
fertilizer application was a key factor affecting microbial
community structure.

The path analyses of the factors comprehensively affecting
soil microbial biomass and enzyme activities were well vali-
dated through the statistical test (Fig. 6). Soil nutrient contents
could explain 32.7% of the variance of fungal biomass. Soil
OM, AN, AK, and fungal and actinomycetal biomass could
explain 88.2% of the total variance of soil bacterial biomass.
Moreover, fungi could generate positive effects on soil bacte-
rial and actinomycetal biomass. The OM content was positive-
ly correlated with the β-glucosidase, urease, protease, and
phosphatase activities, but negatively correlated with
the catalase activity. The increases of AN content prob-
ably enhanced urease and protease activities, but the in-
creases of TP and TK might inhibit catalase activity. For
the soil β-glucosidase, soil OM, TP TK, and bacterial,
actinomycetal, and fungal biomass could explain 39.7%
of the total variance (Fig. 6(A)). The determined soil
properties and microbial biomass could explain 31.4%,
47.1%, and 55.1% of the total variances for the protease,
phosphatase, and catalase activities, respectively.

4 Discussion

4.1 Effects of rhizosphere and fertilizer application
on soil nutrient contents

In general, soil OM contents were increased by fertilizer ap-
plications (Srinivasarao et al. 2014; Chen et al. 2016; Tian
et al. 2017), and this trend was clearly demonstrated in the

Fig. 3 Effects of fertilizer applications on (A) total, (B) fungal, (C) bac-
terial, and (D) actinomycetal PLFAs contents in the rhizosphere of differ-
ent age bamboos and bulk soils. Different low case letters indicate signif-
icant differences (P < 0.05) among different soils for a particular treat-
ment, and different capital letters indicate significant differences
(P < 0.05) among different treatments for a particular soil
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SCF treatment (Fig. 1(A)). Plant rhizosphere could generate
positive or negative impacts on soil OM content, depending
on plant species and soil environmental conditions (Lützow
et al. 2006). The plant litters and root exudates could in-
crease soil OM contents through different stabilization
mechanisms: (1) complexation with soil metal ion or absorp-
tion by soil minerals; (2) enclosure in soil aggregates and
inaccessibility to soil microorganisms; and (3) selective pres-
ervation due to discrepant recalcitrance to soil decomposer
(Lützow et al. 2006; Murphy et al. 2015). On the other
hand, plant root could facilitate soil aeration by forming air
channel and improving the physical property of soil

aggregate, and a varying proportion of soil OM might
be lost via soil respiration and mineralization of N-rich
compounds (Murphy et al. 2015). The bulk soil had the
lowest OM contents in the CK treatment, which is con-
sistent with the previous study (Geisseler et al. 2017),
but the 45%-SF and SCF treatments had different trends
of soil OM contents among the bulk and rhizospheres
soils. The reason might be due to the differences in nu-
trient ratios of the applied fertilizers. In the SCF treat-
ment, the applied fertilizer was specifically designed for
the moso bamboo, and nutrient contents might match
with soil OM and moso bamboo growth better.
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Previous studies demonstrate that available N and K con-
tents tended to increase after fertilizer applications (Mbuthia
et al. 2015; Li et al. 2017). However, we observed that fertil-
izer applications generated discrepant impacts on these avail-
able nutrient contents (Fig. 1(B and E)). We attributed it as a
comprehensive result of direct nutrient additions, plant up-
takes, and microbial transformations (Laird et al. 2010). It is
well accepted that within the rhizosphere, nutrient cycling
could be accelerated by root exudates stimulating microbial
activity and turnover (Hamilton and Frank 2001). Meanwhile,
moso bamboo and soil microorganism also took up the nutri-
ents from forest soils, decreasing the available nutrient con-
tents. Consequently, similar to the soil OM content, the

available nutrient contents were also adjusted by moso bam-
boo and soil microbial conditions.

4.2 Effects of rhizosphere and fertilizer application
on enzyme activities

As a descriptive parameter of soil microbial population, soil
enzyme patterns and their activities can directly reflect the bio-
availabilities of different substrates and the nutrient demands
of plants and microorganisms (Sinsabaugh et al. 2008;
Nannipieri et al. 2012; Fraser et al. 2013; Mbuthia et al.
2015). The supplies of exogenous C, including fertilizer ap-
plications and root exudates, have the potential to increase soil
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β-glucosaminidase activities, and the trend demonstrated in
the SCF treatment mostly agreed with the existing results that
fertilizer applications stimulated the mineralization of recalci-
trant C (Mbuthia et al. 2015). For the rhizosphere, root exu-
dates and plant litters could enhance soil OM contents, and in
this study, enhanced activities of extracellular enzymes in-
volved in the decomposition of OM (β-glucosidase and
protease) were reflected with the trends of soil OM contents
demonstrated in the path analysis. It has been reported that N
bio-availability could accelerate decompositions of dead plant
and insect (Craine et al. 2007; Baumann et al. 2009). The
increases of both protease and urease activities further con-
firmed that decompositions of N-rich compounds were en-
hanced by moso bamboo rhizospheres (Fig. 2(B and C)).

Within the rhizosphere, plants could cooperate with indige-
nous microorganisms to develop several mechanisms to meet
the P requirements of plants and soil microorganisms. Apart
from altering soil physical structure, plant roots could generate
(1) protons adjusting soil pH and solubilizing P; (2) extracel-
lular enzymes mineralizing organic compound enriched with
P; and (3) citrates complexing aluminum and iron to release
inorganic P (Shen et al. 2002; Rengel and Marschner 2005).
Consequently, rhizosphere is one of the hotspots of minerali-
zations of organic P compounds in soils (Rengel and
Marschner 2005). Moreover, we also noticed that in the bulk
soils, fertilizer applications also increased the phosphatase ac-
tivity, similar to what has already reported in previous studies
(Liang et al. 2017). The reason accounting for these
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phenomena might be that fertilizers containing adequate nu-
trients stimulated activities of soil microorganisms related to P
biogeochemical cycling. Generally, catalase activity is posi-
tively correlated with the soil fertility, and catalase mediates
H2O2 transformation, and thus protects cells from damages
due to reactive oxygen (Zhang et al. 2011). In this study, the
catalase activities of the rhizosphere soils were consistently
higher than those of bulk soils, regardless of fertilizer applica-
tions (Fig. 1(E)), which might also be a benefit generated from
the cooperation of bamboo root and soil microorganism.

4.3 Effects of rhizosphere and fertilizer application
on soil microbial biomass and community

Currently, there is no consensus result or conclusion about soil
microbial biomass in the rhizosphere and bulk soils. Sanaullah
et al. (2011) demonstrated that microbial biomass C in rhizo-
sphere soil was significantly higher than that in unplanted
control, whether at drought or optimum growth conditions.
However, in the chickpea and durum wheat field, there were
no significant differences in soil microbial biomass between
the rhizosphere and bulk soils (Tang et al. 2014). In our cur-
rent study, we revealed that moso bamboo rhizospheres gen-
erated discrepant (positive, no significant and negative) im-
pacts on soil microbial biomass (Fig. 3), which is consistent
with the result of Massaccesi et al. (2015). Apart from the
determined methods, plant species might also be a key reason
accounting for these differences. Within the rhizosphere, soils
in proximity to the roots, process similar rhizodeposition, and
the differences of soil structure, nutrient transformation, and
root exudates between bulk and rhizosphere soils are material
conditions conducive to induce modifications of soil microbi-
al biomass and community (Chang and Chiu 2015;
Massaccesi et al. 2015; Mori et al. 2016).

A meta-analysis conducted by Geisseler et al. (2017)
showed that fertilizer applications had the potential to
increase soil microbial biomass (Fig. 2). In this study,
the increases in microbial biomass could be attributed
to comprehensive improvements in soil nutrient contents
and microbial population. Applied fertilizer could pro-
vide required N, P, and other nutrients for microbial
growth and reproduction. Apart from the direct nutrient
effect, the indirect stimulations among different microbial
groups might also account for these results (Fig. 6).
Fungi could provide bacteria with resources that bacteria
were not able to acquire on their own, and different
microbial groups might generate synergistic impacts
(Romaní et al. 2006). This possibility was supported by
the results demonstrated in the path analysis. For exam-
ple, applied fertilizers could increase soil fungal biomass,
which, in turn, generated positive stimulations to bacte-
rial and actinomycetal biomass (Fig. 6).

4.4 Linkages among soil enzyme activities, microbial
biomass, and nutrient contents

Rhizospheric processes resulting from plant-soil-
microorganism interactions could improve plant tolerance
and enhance plant productivity (Mori et al. 2016).
Relative to the bulk soils, there were higher enzyme ac-
tivities in the rhizosphere soils, which may be strategies
of moso bamboo growth and soil microorganism
flourishing. The plants could make the best use of envi-
ronmental conditions and nutrient contents to stimulate
soil microorganisms to benefit its own growth. The C
bio-availability had a determining impact in the
microorganism-mediating process, especially for extracel-
lular enzymes which exert essential roles in the biogeo-
chemistry (Fontaine et al. 2004; Yarwood et al. 2006).
Rhizosphere priming effect on soil OM decomposition
was the major factor controlling soil C dynamics (Cheng
2009). The higher β-glucosaminidase and protease con-
firmed a high metabolism and turnover rate of rhizosphere
microorganisms (Fig. 1(A and B)). The turnovers of rhi-
zosphere microorganisms are generally at the scales of
hours or days, which are significantly shorter than those
of plant roots. The linkages of short microbial turnover
and rhizosphere priming effect have important implica-
tions for the growth of moso bamboo (Cheng 2009).
Due to increased microbial turnover and mineralization
rates of soil OM, moso bamboo has the advantages over
soil microorganisms to obtain the N, P, and K nutrients.
On the other hand, the OM decomposition could also
supply energy to soil microorganisms to flourish and fur-
ther mineralize organic compounds containing N and P.
Consequently, the activities of soil enzymes related to soil
C, N, and P cycling in the rhizosphere soils tended to be
higher than their counterparts in the bulk soils.

5 Conclusions

In the CK treatment, the OM contents of the rhizosphere
soils were significantly higher than those of the bulk soils.
The interactions of rhizosphere and fertilizer could signifi-
cantly affect AN, TP TK, and AK contents in the bamboo
forest soils. Soil enzyme activities in the rhizosphere soils
tended to be higher than those of the bulk soils. The moso
bamboo rhizospheres did not significantly increase the total
microbial biomass, but compared with the CK treatment,
fertilizer application had the potential to increase soil micro-
bial biomass whether in the bulk or rhizosphere soils. Both
fertilizer applications and moso bamboo rhizospheres could
significantly affect soil microbial community structures, and
moso bamboo rhizosphere could increase soil microbial ac-
tivity rather than biomass.
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