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Abstract
Aims Moso bamboo (Phyllostachys edulis) inva-
sions into adjacent forests are becoming increas-
ingly common. Moso bamboo invasions affect lit-
ter quality, soil nutrients, and microbial community
composition. Although these effects likely vary
among invaded sites and forest types, this has
not been investigated.
Methods We investigated moso bamboo invasion ef-
fects on carbon (C) and other major nutrients of litter
and soil, as well as soil microbial community composi-
tion determined by phospholipid fatty acids (PLFAs) in
broadleaf or coniferous forests at three different sites in
China.
Results Ordinations indicated that the effects of inva-
sions on soil nutrients, litter nutrients, and soil microbial
composition each varied among forest types and sites.
Invasions consistently decreased litter C. Invasions

tended to have larger effects on soil nutrients in conif-
erous forests. Except for bacterial groups in one conif-
erous forest site, invasions had positive effects on every
soil group.
Conclusions Variations in direction and magnitude
of invasion effects on litter properties, soil proper-
ties, and soil communities among community types
and sites suggest that studies of effects of inva-
sions on soils in a single invaded community may
not be able to predict effects of an invasion at
other locations, even when the original community
is similar or occurs in the same site.

Keywords Mosobambooinvasions .MicrobialPLFAs .

Litter quality . Effect size . Priming

Introduction

Moso bamboo (Phyllostachys edulis, Carrière J. Houz.;
synonym: P. pubescens Mazel ex J. Houz), is native to
warm temperate and subtropical regions of China, and
has been introduced to other countries or regions includ-
ing Japan, North Korea, and North America (Suzuki and
Nakagoshi 2008; Wang et al. 2016c). The area of moso
bamboo forest in China was reported to be 4.4 million
ha, accounting for 73.7% of China’s bamboo forests
(State Forestry Administration 2014). Moso bamboo
has biological characteristics of fast growth and strong
reproductive capacity, which allow it to invade adjacent
natural forests (Song et al. 2016). Invasions by moso
bamboo can alter forest succession and affect litter, soil
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physical and chemical properties, and microbial com-
munity diversity, which affect litter decomposition and
alter nutrient release rates to the soil (Carrillo et al. 2012;
Wu et al. 2013).

Litter decomposition is a process releasing and
returning nutrients to soil, which is important for
material cycling in terrestrial ecosystems (Aerts
1997) and plant-soil carbon (C), nitrogen (N) and
phosphorus (P) cycling (Suthar and Gairola 2014;
Li et al. 2015). Generally, plants eventually return
nutrients back to soil via litter decomposition
(Song et al. 2015), which is a major component
of biogeochemical cycling (Wu et al. 2013). High
litter N concentration (i.e., low C: N) can increase
litter decomposition and hence N release rate,
which is conducive to soil nutrient accumulation
and microbial reproduction (Manzoni et al. 2010).
Due to differences in litter quality between moso
bamboo and the tree species they displace, moso
bamboo invasions will potentially alter litter de-
composition rate.

In general, coniferous forest litter has higher C con-
centration than that of broadleaf and moso bamboo
forest (Chang and Chiu 2015; Song et al. 2016; Wang
et al. 2016c). Therefore, moso bamboo invasions are
thought to increase litter decomposition rate in conifer-
ous forests they invade (Wang et al. 2016a). Because
more materials will be input into soil ecosystems during
litter decomposition, it has been suggested there will be
increased C addition (Rubino et al. 2010) and hence
more soluble organic C (Shiau and Chiu 2017) or even
higher soil respiration rate (Song et al. 2014b) following
moso bamboo invasions. Moreover, more soil organic
matter may be decomposed by microorganisms due to
priming effects (Kuzyakov et al. 2000; Pausch and
Kuzyakov 2012; Shiau and Chiu 2017), reducing the
amount of degradable nutrients. In addition, the lower N
concentration in litter produced by moso bamboo rela-
tive to that in the invaded ecosystems will decrease both
N release and N cycling rates between plant and soil.
Soil quality and fertility (Shiau and Chiu 2017) as well
as other factors impacting litter decomposition, such as
major nutrients including soil N and P, and microbial
communities, may gradually become negatively influ-
enced by moso bamboo invasion (David et al. 1991;
Wardle et al. 2006; Sayer et al. 2009).

Soil N and P are key factors limiting plant growth and
forest productivity. Nitrogen not only promotes plant
root growth, but can also stimulate the secretion of

organic acids that increase soil P availability (Yang
et al. 2011; Feng et al. 2018; Zhang et al. 2018a, b).
Moso bamboo invasions have been shown to impact soil
N cycling (Lovett et al. 2004) by increasing soil ammo-
nification and decreasing N nitrification rates (Song
et al. 2016; Bai et al. 2016). In another study, soil total
P decreased and available P increased in a coniferous
forest invaded by moso bamboo (Wu et al. 2018a). All
the changes in soil physiochemical properties induced
bymoso bamboo directly affect the environment for soil
microorganisms, which can alter soil microbial
communities.

A previous study showed that soil arbuscular mycor-
rhizal fungal (AMF) communities and biomass in a
broadleaf forest were substantially altered by moso bam-
boo invasion (Qin et al. 2017). Soil microbial communi-
ties are directly involved in soil ecological processes,
including litter decomposition, humus formation, and
nutrient recycling. Vegetation type is one of the main
factors affecting the soil microbial community (Waid
1999). Moso bamboo invasion causes changes in forest
species composition that can have direct impacts on soil
microbial communities (Grayston and Prescott 2005;
Lucas-Borja et al. 2012). Soil microorganisms in turn
affect plant development, plant community composition
and ecosystem function (Batten et al. 2008; Merilä et al.
2010). Studies on soil microbial community changes
following moso bamboo invasion reported substantial
changes in microbial community composition (Xu et al.
2015; Shiau and Chiu 2017). Particularly, soil bacterial
and fungal phospholipid fatty acids (PLFAs) were in-
creased significantly in a broadleaf forest (Wang et al.
2016c), but PLFAs of gram-positive bacteria (G+) and
gram-negative bacteria (G-) were found to be decreased
in a coniferous forest (Chang and Chiu 2015). Therefore,
changes in soil microbial communities affected by moso
bamboo invasions may be forest type dependent and may
also vary among sites. However, such variations have not
been investigated, limiting our understanding of the over-
all effects on litter, soil, and microbial communities in-
duced by moso bamboo invasion. To understand the
overall effects of moso bamboo invasion on litter, soil
and microbial communities, three invaded sites and two
common moso bamboo-invaded forest types (broadleaf
and coniferous forests) were studied. We predicted that
moso bamboo invasion effects on litter, and soil C, N, and
P properties, as well as microbial community composi-
tions will depend on original forest type across invaded
sites.

86 Plant Soil (2019) 438:85–99



Materials and methods

Site description

Three regions (Wugong Mountain (Shan) =WGS, Lu
Mountain = LS, Yangjifeng Mountain = YJF) in Jiangxi
province, China, that include two forest types (broadleaf
and coniferous forests) with serious moso bamboo ex-
pansion were selected in 2016 (Table 1; Fig. 1). Moso
bamboo invaded vegetation types at WGS include
broadleaf (evergreen and deciduous) and coniferous
forests. At LS, moso bamboo invades coniferous forests
(Cryptomeria japonica) with broadleaf (evergreen and
deciduous) forests not commonly invaded. Moso bam-
boo expansion at YJF is into broadleaf deciduous
forests.

Within each region, sampling areas were established
along the moso bamboo expansion gradient: broadleaf
and/or coniferous forest, mixed forest (partially invaded
by moso bamboo), moso bamboo forest. Along the
gradient, six elevations were chosen with three squares
(10 × 10 m) in each that were spaced at least 20 m apart.
In each region there were 9 bamboo forest squares, 3
mixed forest squares, and 6 uninvaded forest squares
(LS = 6 coniferous, YJF = 6 broadleaf, WG= 3 conifer-
ous & 3 broadleaf). Within each square there were three
sampling plots (54 plots per region = 6 × 3 × 3).

Litter and soil sampling and chemical analyses

Soil and litter samples were collected during the grow-
ing season (August) and non-growing season (January).
Five soil samples of 0–20 cm depth were obtained
following an S-shape in each sampling plot after the
litter layer was removed. Plant roots and stones were
removed and samples were kept cold for transport back

to the lab. Subsamples were air dried for further deter-
mination of organic C, total N, total P, and total potas-
sium (K). The newly produced litter was collected as
litter samples, and brought back to the laboratory, air-
dried, and ground to pass through a 0.149 mm sieve.

Litter and soil organic C contents were determined by
the potassium dichromate (H2SO4-K2Cr2O7) oxidation-
external heating method (Lu 2000). The H2SO4-H2O2

digestion method was used in litter and soil analyses of
N, P and K with HClO4 added for soil samples. Litter
and soil K were measured by the potassium dichromate
oxidation-external heating method and then N and P
were measured by an automatic discrete chemical ana-
lyzer (Smart Chem 200, Westco, Italy). Fresh samples
were used for determination of soil available N (AN,
including ammoniumN and nitrate N), available P (AP),
and microbial PLFAs. Soil AN and AP were extracted
by 2 mol L−1 potassium chloride solution and
0.5 mol L−1 NaHCO3 solution, respectively, and also
determined with the automatic discrete chemical
analyzer.

Soil microbial PLFAs analysis

Soil microbial PLFAs were analyzed according to pub-
lished methods (Bossio et al. 1998). Fresh soil samples
equivalent to 8 g dry weight were extracted with a
chloroform buffer: methanol: phosphoric acid (volume
ratio was 1:2:0.8), shaken for 2 h and centrifuged for
10 min. The supernatant was discarded and the precip-
itate in the lower layer was extracted again with the
buffer. The extracted solutions were mixed well and
stored overnight. The next day, the chloroform layer
was dried using high purity N2. Concentrated PLFAs
were transferred to active silica gel columns using a
chloroform solution, and eluted with chloroform,

Table 1 General information of the study locations

Location Wugong Mountain Lu Mountain Yangjifeng

Longitude 114°10′E 115°57′E 117°23′E

Latitude 27°27′N 29°32′N 27°54′N

Altitude (m) 780–1480 721–1027 410–680

Climate Subtropical monsoon Subtropical monsoon Subtropical monsoon

Rainfall (mm) 1603 1917 1881

Temperature (°C) 14–16 15–18 16–18

Soil type Haplic and gleysol alisols Ferric and haplic alisols Latosol
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acetone and methanol in turn. The collected methanol
eluent after reaction was dried using high purity N2 and
then well mixed with a methanol: toluene mixture (vol-
ume ratio 1:1) and a 1 ml 0.2 mol L−1 KOH methanol
solution. After a water bath treatment, 0.3 mol L−1 acetic
acid, 2 ml n-hexane, and 2 ml of pure water were added
and the upper solution was extracted after low-speed

oscillation for 10 min. The remaining solution was
extracted again with 2 ml n-hexane. The upper solutions
from the two extractions were mixed and dried using
high purity N2 to obtain methylated fatty acid samples.
The sample was dissolved in 200 μ n-hexane and ana-
lyzed by a MIDI system (MIDI, Inc., Newark, DE) on a
gas chromatograph (Hewlett-Packard 6890, Agilent,

Fig. 1 Locations of the study plots within each region (YJF =
circles, LS = squares, WGS= triangles – three plots were located
in a 10m × 10m area) and vegetation type (moso bamboo forest =

black, broadleaf forest = light grey, coniferous forest = white,
mixed forest with moso bamboo = dark grey). Numbers indicate
elevation in meters
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Santa Clara, CA, USA) with flame ionization detector,
using 19:0 methyl ester as the internal standard to de-
termine the content of each PLFA component. Accord-
ing to the fatty acid nomenclature, the results were
classified into bacteria, actinobacteria, gram-positive
bacteria (G+), gram-negative bacteria (G-), fungi, pro-
tozoa, and unknown.

Statistical analysis

We performed separate principal component analyses
(PCA; 3 axes, simple correlations; proc. factor; SAS 9.4
for all analyses) to reduce the dimensionality of the soil
variables (C, N, P, K, AP, NH4

+, NO3
−), litter variables

(C, N, P, K), PLFA estimated taxa abundances (bacteria,
actinobacteria, G-, G+, fungi, protozoa, unknown), and
PLFA chemicals (38 PLFAs). Then we used analysis of
variance (ANOVAs) to test the dependence of these
PCA axes on region (YJF, LS, WGS), forest type (moso
bamboo forest, mixed forest with moso bamboo, broad-
leaf forest, or coniferous forest), and their interaction.
We used adjusted means partial difference tests to ex-
amine differences among means for significant effects.

We conducted multivariate ANOVAs (MANOVAs;
proc. mixed) to test the dependence of soil, litter, PLFA
chemical, and PLFA taxonomic variables on region,
forest type and their interaction. We conducted follow-
up ANOVAs to investigate the variables that were con-
tributing to significant multivariate effects.

In order to identify soil factors (N, P, K, AP, NH4
+,

NO3
−) that influenced litter properties (C, N, P, K), we

performed a canonical correspondence analysis (CCA;
proc. cancorr). We performed a second CCA to identify
how these litter and soil factors influenced the taxonom-
ic composition of the soil community (bacteria, gram
negative bacteria, gram positive bacteria, fungi, proto-
zoa, unknown). We used multivariate tests to determine
if axes were significantly related, and used individual F-
tests to determine the significance of specific axes.

We calculated Hedges g values to examine the effects
of moso bamboo invasion on litter, soil, PLFA chemical
properties, and PLFA estimated taxa abundances in YJF
broadleaf forest, LS coniferous forest, WGS broadleaf
forest, and WGS coniferous forest. For each of these
four forest types we used the difference between the
mean of the moso bamboo forest and the uninvaded
forest (along with associated standard deviations) to
calculate Hedges g, its associated standard error, and
95% confidence interval (Yang et al. 2015). We

considered changes to be significant when the 95% CI
did not overlap zero and we considered effects on forests
to be different when their 95% CIs did not overlap.

Results

Ordinations

The first PCA axis for soil variables depended on region
(YJF < LS <WGS), the second axis depended on region
( Y J F < W G S < L S ) a n d f o r e s t t y p e s
(coniferous<mixed~bamboo<broadleaf), and the third
axis depended on the interaction of region and type
(Table 2, Fig. 2a, c). Axis 1 had strongly positive load-
ings of C, N, P, AP and NO3

− and a strongly negative
loading of K (Table S1). Axis 2 had a strongly positive
NH4

+ loading (Table S1). Axis 3 had strongly positive
loadings of AP and NO3

− and strongly negative C and
NH4

+ loadings (Table S1).

Table 2 The dependence of PCA ordination axes on region (YJF,
LS, WGS), vegetation type (moso bamboo forest, mixed forest
with moso bamboo, and broadleaf/coniferous forest), and their
interaction in analysis of variance (ANOVAs). F and P indicate F
ratio and probability values in ANOVAs. Subscript numbers of F
indicate degrees of freedom. Significant results are indicated in
bold

region type region*type

F2,44 P F3,44 P F4,44 P

Soil

PCA1 21.6 <0.0001 0.2 0.9294 0.3 0.8577

PCA2 12.0 <0.0001 6.3 0.0012 2.1 0.0985

PCA3 0.4 0.6529 3.6 0.0198 4.2 0.0058

Litter

PCA1 42.0 <0.0001 5.4 0.0031 1.9 0.1206

PCA2 5.6 0.0070 27.8 <0.0001 2.2 0.0839

PCA3 21.8 <0.0001 14.1 <0.0001 22.1 <0.0001

PLFA taxa

PCA1 6.6 0.0031 0.7 0.5359 2.8 0.0401

PCA2 73.7 <0.0001 0.9 0.4455 0.5 0.7648

PCA3 2.3 0.1150 2.2 0.1006 0.3 0.8950

PLFA chemicals

PCA1 9.1 0.0005 0.8 0.4872 4.0 0.0073

PCA2 9.4 0.0004 16.4 <0.0001 0.5 0.7242

PCA3 7.3 0.0018 2.8 0.0530 1.8 0.1374

Plant Soil (2019) 438:85–99 89



The first and second PCA axes for litter variables

depended on region (PCA1: YJF < LS <WGS; PCA2:
Y J F < W G S ~ L S ) a n d t y p e ( P C A 1 :
coniferous<broadleaf~bamboo~mixed; PCA2:
bamboo<mixed~broadleaf<coniferous) and the third axis
depended on the interaction of region and type (Table 2,
Fig. 2b, d). Axis 1 had strongly positive N, P and K
loadings, axis 2 had strongly positive C and P loadings,
and axis 3 had strongly positive C and K loadings and
strongly negative N and P loadings (Table S2).

The first PCA axis for PLFA taxa depended on the
interaction of region and type, the second axis depended
on region (LS~WGS <YJF), and the third axis did not

depend on any predictors (Table 2, Fig. 3a, c). Axis 1
had positive loadings of all taxa (but loadings were
weak for protozoa and unknown taxa), axis 2 had a
strongly positive unknown taxa loading, and axis 3
had a strongly positive protozoa loading (Table S3).

The first PCA axis for PLFA chemicals depended on
the interaction of region and type (Table 2, Fig. 3b, d),
the second axis depended on region (LS <WGS~YJF)
and type (coniferous<broadleaf<. mixed~bamboo), and
the third axis depended on region (YJF <WGS~LS). All
the chemicals had positive loadings on the first axis
(especially large for 18:3 ω6c (6,9,12) and i15:1
ω9c), axis 2 has a mix of positive (especially large for

a b

dc

Fig. 2 The dependence of PCA axes for soil properties (C, N, P,
K, AP, NH4

+, NO3
−)(a, c) and litter properties (C, N, P, K)(b, d) on

region (YJF = circles, LS = squares, WGS = triangles) and

vegetation type (moso bamboo forest = black, broadleaf forest =
light grey, coniferous forest = white, mixed forest with moso bam-
boo = dark grey)
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18:1ω5c and 20:4ω6,9,12,15c) and negative loadings
(especially large for 20:00 and 18:0 2OH), and axis 3
also had a mix of positive (especially large for 16:1 2OH
and 18:1 2OH) and negative loadings (especially large
for 10Me 19:0, 11Me 18:1 ω7c, and 16:1 ω11c;
Table S4).

Multivariate analyses

Soil, litter, PLFA chemical, and PLFA taxonomic vari-
ables each depended on region, type and their interac-
tion in their MANOVAs (Table 3). Every soil variable
depended on region×type in follow-up ANOVAs except

for P which only varied with region. All litter variables
depended on region×type except for C which only
depended on type. For PLFA types, i:a varied with
region and type, cy:pre only depended on region and
sat:mono depended on region×type. PLFA taxonomic
groups depended on region×type (bacter ia ,
actinobateria, G+), only region (G-, fungi, unknown)
or no predictors (protozoa) in the follow-up ANOVAs.

Canonical correspondence analysis

In the litter properties CCA, three axes explained a
significant amount of variance (multivariate:

a b

dc

Fig. 3 The dependence of PCA axes for PLFA taxa (a, c) and
PLFA chemicals (b, d) on region (YJF = circles, LS = squares,
WGS = triangles) and vegetation type (moso bamboo forest =

black, broadleaf forest = light grey, coniferous forest = white,
mixed forest with moso bamboo = dark grey)
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P < 0.0001; axis 1: P < 0.0001, 27.94% of variance
explained; axis 2: P < 0.0001, 24.83% explained; axis
3: P = 0.0006, 29.45% explained). The first axis, which
had positive contributions from soil C (r = +0.87), N
(r = +0.79), and P (r = +0.83) and a negative contribu-
tion from soil K (r = −0.70), separated YJF and WGS
with LS intermediate (Fig. 4a). The second axis, which
had negative contributions from soil K (r = −0.63), C
(r = −0.39) and N (r = −0.24) and a positive contribution
from soil AP (r = +0.17) separated WGS and LS with
YJF intermediate (Fig. 4a). The third axis, which had
positive loadings from soil AP (r = +0.79) and P (r = +
0.38), separated forest types (bamboo>mixed>broadleaf
>coniferous; Fig. 4a).

In the PLFA taxa CCA, two axes explained a signif-
icant amount of variance (multivariate: P < 0.0001; axis
1: P < 0.0001, 19.49% of variance explained; axis 2:
P = 0.0020, 3.90%). The contributions of litter N, litter
K and soil AP were opposite to those of soil K and
litter C with those of soil C, soil N, soil P, soil NO3

−

and litter P in an orthogonal direction to these other
two groups (Fig. 4b). The first axis separated YJF
from LS and WGS and the second axis separated
WGS and LS with YJF intermediate (Fig. 4b). Forest
types did not appear to differ though some combina-
tions of site and forest type (such as WGS bamboo
and LS conifer) were widely separated on axis 2
(Fig. 4b).

Table 3 The dependence of soil, litter, PLFA chemical, and PLFA
taxonomic variables on region, forest type and their interaction. F
and P indicates F ratio and probability values in MANOVA and
ANOVA. For each category of variable, the first line indicates

MANOVA results and the following rows indicate ANOVA results
for the variables in that MANOVA. Significant results indicated in
bold

region type region*type

df F P df F P df F P

Soil 14,292 54.3 <0.0001 21,420 7.5 <0.0001 28,528 9.4 <0.0001

C 2152 25.1 <0.0001 3152 4.6 0.004 4152 6.6 <0.0001

N 2152 42.1 <0.0001 3152 1.1 0.3603 4152 2.8 0.0266

P 2152 143.1 <0.0001 3152 0.2 0.8794 4152 0.6 0.6416

K 2152 111.4 <0.0001 3152 6.1 0.0006 4152 9.0 <0.0001

AP 2152 8.7 0.0003 3152 18.5 <0.0001 4152 12.6 <0.0001

NH4
+ 2152 12.8 <0.0001 3152 9.7 <0.0001 4152 6.5 <0.0001

NO3
− 2152 37.9 <0.0001 3152 0.4 0.7305 4152 4.0 0.0039

Litter 8298 65.5 <0.0001 12,395 33.8 <0.0001 16,456 22.4 <0.0001

C 2152 0.1 0.9177 3152 44.5 <0.0001 4152 1.3 0.2709

N 2152 46.6 <0.0001 3152 33.6 <0.0001 4152 6.8 <0.0001

P 2152 41.6 <0.0001 3152 5.1 0.0023 4152 16.5 <0.0001

K 2152 238.7 <0.0001 3152 22.4 <0.0001 4152 52.5 <0.0001

PLFA types 6,84 68.6 <0.0001 9102 5.7 <0.0001 12,111 3.0 0.0013

i:a 2,44 18.1 <0.0001 3,44 4.0 0.0140 4,44 2.3 0.0758

cy:pre 2,44 45.4 <0.0001 3,44 1.5 0.2211 4,44 0.9 0.4944

sat:mono 2,44 197.2 <0.0001 3,44 7.4 0.0004 4,44 5.2 0.0016

PLFA taxa 14,76 27.0 <0.0001 21,110 2.3 0.0029 28,138 2.0 0.0038

bacteria 2,44 9.5 0.0004 3,44 0.3 0.8508 4,44 2.8 0.0363

actino 2,44 4.3 0.0193 3,44 1.0 0.3973 4,44 2.9 0.0342

gram- 2,44 7.3 0.0018 3,44 0.8 0.5220 4,44 2.3 0.0728

gram+ 2,44 17.0 <0.0001 3,44 2.2 0.1041 4,44 5.6 0.0010

fungi 2,44 4.5 0.0172 3,44 0.4 0.7868 4,44 1.3 0.2800

protozoa 2,44 0.3 0.7453 3,44 2.3 0.0921 4,44 0.2 0.9127

unknown 2,44 114.8 <0.0001 3,44 0.5 0.7132 4,44 0.8 0.5224
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Hedges g

Moso bamboo invasion reduced litter C for all forests
but reductions were larger for coniferous forests than
broadleaf forests (Fig. 5). Moso bamboo invasion re-
duced litter nitrogen in YJF broadleaf forest but in-
creased it in other forests, especially LS coniferous
forest. Moso bamboo invasion increased litter P in both
WGS forests but reduced it in YJF broadleaf and LS
coniferous forest with the LS effect being larger. Moso
bamboo invasion decreased litter K in WGS forests
(especially broadleaf) and increased it in YJF broadleaf
and LS coniferous forests, with the latter being a larger
increase.

Moso bamboo invasions decreased soil C in YJF
broadleaf and LS coniferous forests and soil N in LS
coniferous forests. Soil P was insensitive to moso bam-
boo invasion. Soil K was lower with moso bamboo
invasion in YJF broadleaf forests but higher for other
forests, especially LS coniferous forests. AP was higher
with moso bamboo invasion in coniferous forests. NH4

+

was decreased by moso bamboo invasion in WGS
broadleaf forests but increased in LS coniferous forests.
NO3

−was decreased bymoso bamboo invasion inWGS
coniferous forests and increased in LS coniferous for-
ests. Moso bamboo invasion decreased soil AN inWGS
forests but increased it in LS coniferous forests. I: a was
decreased by moso bamboo invasion in LS coniferous

and YJF broadleaf forests. Cy: pre was increased in all
but LS coniferous forests. Sat: mono was increased in
WGS broadleaf forest and decreased in YJF broadleaf
and LS coniferous forests with the latter decrease being
larger. Bacteria were more abundant in all forest types
except LS coniferous forests in which moso bamboo
invasion decreased their abundance. Moso bamboo in-
vasion increased actinobacterial abundance in broadleaf
forests. Both G+ and G- bacteria were increased by
moso bamboo invasion in all but LS coniferous forests.
Moso bamboo invasion increased fungi in WGS forests
and protozoa in WGS coniferous forests.

Discussion

In general, soil, litter, PLFA chemical, and PLFA taxo-
nomic variables each depended on region, forest type
and their interaction with moso bamboo invasion pro-
foundly affecting litter C, N and P, soil K and AP, and
most of the PLFA taxonomic variables (Table 3, Fig. 5).
Differences in litter properties among different forest
types reflected strong effects of soil AP and P but
variation among regions was also related to soil K
(Fig. 4). Soil P, litter C and litter N contributed the most
to the differentiation of PLFA taxa across different re-
gions but not forest types (Fig. 4b).

a b

Fig. 4 Canonical correspondence analysis (CCA). a. The influ-
ence of soil factors on litter properties. b. The influence of soil and
litter properties on the soil community. Shape indicates region
(YJF = circles, LS = squares, WGS= triangles) and color indicates

vegetation type (moso bamboo forest = black, broadleaf forest =
light grey, coniferous forest = white, mixed forest with moso bam-
boo = dark grey). The vectors in B show the contributions of
different soil and litter variables. Dotted lines indicate zero
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Moso bamboo invasion increased litter N in conifer-
ous forests and litter P in WGS (Fig. 5), which may in
turn facilitate N and P cycling as has been reported for
other invasive species (Zhang et al. 2014a, b, 2016;
Wang et al. 2016b). Moso bamboo invasion also re-
duced litter C in both invaded forest types (Fig. 5),
which was consistent with previous studies on moso
bamboo (Song et al. 2016) and other invasive species
(Zhang et al. 2014a, b, 2016). In combination, the
increase and decrease in litter C and N after moso

bamboo invasions into coniferous forests (Fig. 5), re-
spectively, indicated that moso bamboo invasions have
profoundly altered litter stoichiometric characteristics
(Song et al. 2016), such as C:N ratio. Litter C:N ratio
has been widely used as an index of litter quality con-
trolling litter decomposition rate (Zhang et al. 2014b,
2016, 2017). The decreased C:N ratio following moso
bamboo invasions we found here indicated potentially
increased litter decomposition rate and hence litter N
and P release in the invaded coniferous forests.

Fig. 5 The dependence of
Hedge’s g (mean and 95% CI) for
litter variables, soil variables,
PLFA chemical properties, and
PLFA estimated taxa abundances
on moso bamboo invasion in
different forest types (YJF
broadleaf forest = grey circles, LS
coniferous forest = white squares,
WGS broadleaf forest = grey
triangles, WGS coniferous
forest = white triangles). See
Table S5 for PFLA treatment
means
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Moreover, increased leaf N and P content will generally
increase total primary productivity (Tang et al. 2018),
especially species that are invading divergent ecosys-
tems (Eppinga et al. 2011; Zhang et al. 2016; Wu et al.
2018b). Therefore, the increased litter N and P following
moso bamboo invasions in WGS suggest potentially
increased primary productivity, which would increase
soil organic matter input (Song et al. 2014a).

Moso bamboo invasion effects on litter P and K
depended more on site than invaded forest type
(Table 3, Fig. 5). However, litter P and K showed
opposite responses to moso bamboo invasion across
sites and forest types (Table 3, Fig. 5), indicating moso
bamboo invasion interacted with sites or forest types
impacting litter characteristics. The increased litter P in
the WGS area, which could be related to the higher P
mineralization ability of phosphate-solubilizing fungi
inhabiting moso bamboo rhizosphere soil (Zhang et al.
2018a, b), would positively impact P cycling rates in
forests invaded by moso bamboo. In addition, the larger
increase in litter P of coniferous forests was consistent
with the corresponding increase in soil AP (Fig. 5),
which was also in accordance with the larger loading
by soil AP in its effects on litter properties across forest
types (Fig. 4a). As a feedback, litter P will be returned to
soil with accelerated litter decomposition, potentially
providing more readily available P for newly sprouted
moso bamboo. On the other hand, K plays an important
role in regulating plant photosynthesis and metabolism
(Oosterhuis et al. 2014). The decreased litter K in WGS
invaded forests suggested substantial alteration in plant
physiological traits between original species and moso
bamboo (Fig. 5). Similarly, the decrease in litter N and P
content and the increase in litter K at YJF (Fig. 5) might
be caused by species differences or the ecological vari-
ations in protein synthesis rate (Mathers et al. 1993;
Güsewell 2004). Moreover, the increased litter K at LS
and YJF (Fig. 5) could stimulate the release of root
exudates and soil enzyme activity (Ali et al. 2018) or
even soil microbial activities across region or forest
types (Table 3, Fig. 4b).

Changes in litter C and other nutrients caused bymoso
bamboo invasion would directly affect soil physiochem-
ical properties. Soil organic C andN are highly dependent
on the physical and chemical properties and composition
of forest litter. In general, moso bamboo litter contains
more O-alkyl-C (Li et al. 2017) but less lignin, which is
easier to decompose than litter produced in coniferous
forests, resulting in relatively faster C cycling and hence

SOC reduction in moso bamboo forests (Wang et al.
2016a). The reduction of SOC content caused by moso
bamboo invasion is one of its adverse effects on invaded
ecosystems (Bai et al. 2016), as observed at LS and YJF
as well as in previous studies (Table 4, Fig. 5).

As the main source of soil organic matter, litter input
impacts N transformation (Guan et al. 2015; Song et al.
2016). Both ammonium N and nitrate N were increased
by bamboo invasions into LS coniferous forest, while
those at WGS decreased (Fig. 5). Moso bamboo inva-
sions into broadleaf forest inhibit N mineralization and
alter total soil N transformations (ammonification and
nitrification)(Song et al. 2016), but complete moso bam-
boo invasion leads to increased soil AN (all studies in
Table 4), which is consistent with the results found at
LS, indicating substantial contribution of litter input to
soil N cycling in these invasions. Because N transfor-
mations were not included in this study, it is not clear
whether ammonification or nitrification has been altered
by moso bamboo invasions. However, the inconsistent
response of AN to moso bamboo invasions found here
indicated the effects were both site and forest type
dependent. More studies that include these variables
would be necessary to understand how N transforma-
tions are affected by moso bamboo invasions.

Soil AP in coniferous forest was consistently in-
creased following moso bamboo invasions (Table 3,
Fig. 5), and contributed substantially to soil effects on
litter properties across different forest types (Fig. 4a).
Because decomposition of organic matter provides sub-
stantial quantities of P in soil (Peng et al. 2018), the
higher AP might have been induced by easily
decomposed litter. Indeed, moso bamboo invasion con-
sistently decreased and increased litter C and N in
coniferous forests (Tables 3 and 4, Fig. 5), respectively,
which would increase litter decomposition rate (Wall
et al. 2008). Other possible reasons including increased
phosphatase activity (Wu et al. 2018a) and hosting of
phosphate-solubilizing fungi (Zhang et al. 2018b) by
moso bamboo, could also accelerate the rate of P min-
eralization, resulting in an increase in soil AP. The
increased soil K in invaded forests at WGS and LS
would impose positive effects on moso bamboo inva-
sion. As one of the most important elements associated
with plant photosynthesis (Oosterhuis et al. 2014), K
can increase plant uptake of N and P, activate enzyme
activities, promote organic acid metabolism, and en-
hance plant resistance (Oosterhuis et al. 2014; Ali
et al. 2018).
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Changes in SOC and other soil nutrients would fur-
ther affect soil PLFA compositions (Grayston and
Prescott 2005; Frey et al. 2008). Three fatty acids ratios,
including cyclopropane fatty acid to its precursor fatty
acid, isomeric PLFAs to anteiso PLFAs, and saturated
fatty acids to monounsaturated fat have been used as
indicators of environmental stress (Bossio et al. 1998;
Hedlund 2002;McKinley et al. 2005). The higher cy:pre
in invaded WGS and YJF forests suggests increased
environmental stress with moso bamboo invasion
(Table 3, Fig. 5), which may adversely impact the per-
sistence of original plants. However, both i:a and
sat:mono were lower in LS coniferous and YJF broad-
leaf forests (Fig. 5), indicating decreased environmental

stress levels in these two invaded regions. In addition,
PLFA taxonomic composition also showed substantial
region variations (Table 3), which could further be ex-
plained by the first two axes of the CCA examining
effects of both soil and litter properties on soil microbial
communities (Fig. 4b). Hence, invading region could be
an important factor regulating ecological effects of moso
bamboo invasions (Meiners and Cadenasso 2001; Vila
et al. 2006)(Table 4), which should be considered in
management of moso bamboo and other invasive spe-
cies (Lin et al. 2014; Chang and Chiu 2015; Wang et al.
2016a; Shiau and Chiu 2017).

Moreover, changes in overall bacterial and fungal
PLFAs following moso bamboo invasion also showed

Table 4 Effects of moso bamboo invasion on soil C, N and P characteristics (means). Soil variables in underlined italic indicate that of
coniferous forests. Means of SOC, TN, and TP are shown in g kg−1, while that of AN and AP are in mg kg−1

Bamboo forest Mixed forest Broadleaf/Coniferous forest

Studies SOC TN AN TP AP SOC TN AN TP AP SOC TN AN TP AP

1 80 6.66 68 6.11 214 13.3

2 84.1 6.8 98.5 8.4 234.7 14.4

3 80 6.7 93.6 6.1 215 13.3

4 31.17 1.85 49.63 2.38 28.85 1.275

5 35 2 23 1

6 64.21 4.96 55.54 5.23 61.35 5.15

7 22.21 37.19 30.35

8 49.78 1.61 24. 95 0. 96

9 45.07 1.87 16.21 0.3 3.93 56.87 2.5 17.54 0.21 4.42 36.02 0.96 15.59 0.24 3.21

10 25.18 1.99 22.42 1.89

11 29.74 1.47 125.8 41.45 25.38 1.64 121.6 32.32 22.08 1.4 109.6 29.75

12 30.87 2.11 125.8 31.44 25.2 1.79 121.62 18.99 23.13 2.37 110.3 13.08

13 38.4 2.91 333 3.55 39.3 2.83 316 3.27 39.4 2.83 311 2.06

14 38.19 2.08 45.68 2.56 53.245 2.935

15 57.57 2.69 300.9 0.42 1.8 51.05 2.35 269.43 0.44 1.99 53.53 2.11 268.9 0.45 2.3

16 30.87 2.11 125.8 31.45 25.21 1.79 121.62 18.99 23.13 2.37 110.3 13.08

17 66.2 2.91 332.77 0.42 3.55 67. 7 2.83 316.46 0.38 3. 27 67.9 2 83 311.37 0.34 2.06

18 30.9 2.11 24.4 25.2 1.79 14.5 23.1 2.37 21.1

19 25.4 1.6 96.4 24.4 1.9 16.1 22.3 2.25 53.34

20 57.08 3.60 80.14 0.43 5.94 66.30 4.07 91.72 0.43 4.73 87.03 4.49 67.02 0.50 3.38

21 40.87 2.64 59.11 0.18 5.46 51.63 2.80 59.18 0.16 9.84 56.02 2.93 54.91 0.19 6.43

22 64.32 4.42 80.08 0.63 6.89 83.72 5.09 86.16 0.63 4.68 91.30 5.64 98.34 0.69 4.21

23 82.61 5.49 127.37 0.73 12.69

Studies 1 to 19 indicate Chang and Chiu 2015, Lin et al. 2014, Wang et al. 2016a, Guan et al. 2015, Wang et al. 2016c, Li et al. 2017, Zhao
et al. 2017, Song et al. 2013, Wu et al. 2018a, Song et al. 2016, Qin et al. 2017, Li et al. 2017, Xu et al. 2015, Bai et al. 2016, Wu et al. 2008,
Li et al. 2016, Wang et al. 2009, Li et al. 2018 and Li et al. 2018, respectively. Studies 20 to 23 indicate this study conducted in LS, YJF,
WGS (conifer in 22, broadleaf in 23). SOC Soil organic carbon, TN Total soil nitrogen, AN plant Available nitrogen, TP total Soil
phosphorus, AP plant Available phosphorus
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substantial variation with sites and forest types (Figs. 4b
and 5). Chang and Chiu (2015) reported that moso
bamboo invasion negatively impacted bacterial activity
in a coniferous forest, leading to a decrease in soil
bacteria, which is consistent with changes in bacterial
PLFAs in LS. Interestingly, while moso bamboo invad-
ed coniferous forest at WGS slightly increased bacterial
PLFAs, invaded forests at LS and those studied by
Chang and Chiu (2015) were both dominated by the
same coniferous tree species, Cryptomeria japonica,
indicating the consistent results could be associated with
original tree species in the invaded forests and not
indicative of coniferous forests in general. Similarly,
studies on Solidago canadensis invasions into Phrag-
mites australis and Citrus madurensis reported different
effects on soil N cycling rate, suggesting ecological
effects by invasive species could be influenced by orig-
inal dominant species of the invaded ecosystems (Zhang
et al. 2009, 2014b), which could be another factor
influencing ecological effects of plant invasions.

Soil fungal communities are vital in soil organic
matter decomposition and plant nutrient uptake, and
their diversity increases with the ratio of degradable C
to SOC (Qin et al. 2017; Li et al. 2017). The increase in
soil fungal PLFAs of WGS forests is consistent with the
positive effects of moso bamboo (Qin et al. 2017) and
spotted knapweed (Centaurea stoebe)(Harner et al.
2010) invasions on AMF biomass, which would pro-
mote soil aggregate formation and positively affect soil
C pools and might have been induced by the relatively
higher SOC at WGS compared with that at LS and YJF
(Fig. 5). Increased soil fungi could enhance soil fertility
and P availability (Zhang et al. 2018b), and hence
further invasion by moso bamboo. Therefore, in areas
with serious moso bamboo invasions, alterations in soil
fungi may impact the management of invading bamboo.

The consistent increase in PLFAs of G+, G-, and
actinobacteria in broadleaf forests invaded by moso
bamboo (Fig. 5) suggested similar changes within
broadleaf forests experiencing moso bamboo invasions.
Indeed, while Chang and Chiu (2015) proposed that
changes in G+ and G- content related to SOC, which
is in accordance with the decrease in G+ in LS,
actinobacteria have been shown to decompose complex
organic matter, and improve soil quality by stimulating
the formation of soil aggregates (Frey et al. 2008; Okoro
et al. 2009). Therefore, more substrate preferred by
actinobacteria could be expected in moso bamboo in-
vaded broadleaf forests, and the soil quality would be

much more improved by moso bamboo invasions,
which might also enhance further invasion of moso
bamboo.

Conclusions

Moso bamboo invasions substantially altered litter, soil,
and microbial characteristics, but the responses of most
variables depended on site and forest type. Moso bam-
boo invasion consistently decreased litter C, but in-
creased litter N and soil AP in coniferous forests, and
PLFAs of total bacteria, actinobacteria, G+, and G- in
broadleaf forests. While soil AP and P contributed the
most to variations in litter properties across forest types,
soil and litter property effects on soil microbial commu-
nities did not show obvious variation in forest type
combined with site. Moso bamboo invasion effects on
litter, soil, and microbial communities are highly depen-
dent on original forest type. Future studies determining
the overall effects of invasions on ecological variables
or element cycling process are still needed to understand
the variability among invaded communities and the
characteristics that underlie those variable effects.
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