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Abstract
Aims This study aimed to determine the influence of
tree species on soil microbial community structure.
Methods We conducted a litter and root manipulation and
a short-term nitrogen (N) addition experiment in 19-year-
old broadleaf Mytilaria laosensis (Hamamelidaceae) and
coniferous Chinese fir (Cunninghamia lanceolata)
plantations in subtropical China. Phospholipid fatty acid
(PLFA) analysis was used to examine treatment effects
on soil microbial community structure. Redundancy
analysis (RDA) was performed to determine the relation-
ships between individual PLFAs and soil properties (soil
pH, carbon (C) and N concentration and C:N ratio).

Results Soil C:N ratio was significantly greater in
M. laosensis (17.9) than in C. lanceolata (16.2). Soil
C:N ratio was the key factor affecting the soil microbial
community regardless of tree species and the litter, root
and N treatments at our study site. The fungal bio-
markers, 18:1ω9 and 18:2ω6,9 were significantly and
positively related to soil C:N ratio and the abundance of
bacterial lipid biomarkers was negatively related to soil
C:N ratio. N addition for 8 months did not change the
biomass and structure of the microbial community in
M. laosensis and C. lanceolata soils. Soil nutrient avail-
ability before N addition was an important factor in
determining the effect of N fertilization on soil microbial
biomass and activity. PLFA analysis showed that root
exclusion significantly decreased the abundance of the
fungal biomarkers and increased the abundance of the
Gram-positive bacteria. Rootless plots had a relatively
lower Gram-positive to Gram-negative bacteria ratio
and a higher fungi to bacteria ratio compared to the plots
with roots under both M. laosensis and C. lanceolata.
The response of arbuscular mycorrhizal fungi (16:1ω5)
to root exclusion was species-specific.
Conclusions These observations suggest that soil C:N
ratio was an important factor in influencing soil micro-
bial community structure. Further studies are required to
confirm the long-term effect of tree species on soil
microbial community structure.
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Introduction

Soil microorganisms regulate key processes that control
soil carbon (C) and nutrient cycling. Tree species might
influence soil microbial biomass and community struc-
ture through a variety of mechanisms, essentially by
controlling quantity and quality of both above- and
belowground litter production. Field studies comparing
the soil microbial community beneath different tree
species have found that a distinct soil microbial com-
munity is very often associated with different plant
species, especially between broadleaf and coniferous
species (Templer et al. 2003; Ushio et al. 2008; Weand
et al. 2010). These studies suggest that the inter-species
variation in litter chemistry, root exudates and soil phys-
icochemical properties (soil pH or organic matter con-
tent) regulate the composition of the soil microbial
community (Ushio et al. 2008; Strickland et al. 2009).
However, these studies are often not carried out on the
same soil, so other factors may have influenced soil
microbial community structure. For example, some
studies have shown that land-use history was a more
important factor in determining microbial community
structure than tree species or soil properties (Fraterrigo
et al. 2006; Jangid et al. 2011). Land-use change can
also have significant and long-lasting effects on soil C
and nutrient contents, soil texture, and pH and thus
influence soil microbial community structure. A clear
understanding of which factors play an important role in
the development of the soil microbial community will
benefit our understanding of forest management impacts
on soil C and nutrient cycling.

Litter and root exudates, which are the main sources
of C for soil microorganisms, differ in quality and
quantity between different tree species. Thus, the differ-
ences between species in litter and root substrate quality
will influence the size and structure of the soil microbial
community (Fisk and Fahey 2001; Myers et al. 2001).
Laboratory incubation studies have demonstrated that
addition of litter with high quality (low C:N ratio)
(Bastian et al. 2009; Potthast et al. 2010) or litter with
high soluble C content (Fanin et al. 2014) to soil led to
an increase of microbial biomass and activated a
copiotrophic microbial community (such as Gram-
negative bacteria). However, our recent analysis of soil
microbial community structure between broadleaf and
coniferous species revealed that despite significant dif-
ferences in litter C:N and lignin:N ratios, the soil micro-
bial community structure did not differ significantly

between the tree species (Huang et al. 2013a). This
suggests that other factors influence microbial commu-
nity structure that may act either independently or syn-
ergistically with the tree species.

It is generally believed that soil pH and/or C:N ratio
is a major factor in determining soil microbial commu-
nity structure (Bååth and Anderson 2003; Aciego and
Brookes 2009; Rousk et al. 2010a, 2010b). Studies have
shown that fungi are favored at low pH, and the com-
position of bacterial communities is influenced by soil
pH in both arable and forest soils (Rousk et al. 2010a).
In addition to soil pH, the C:N ratio has also been shown
to be an important factor in regulating the soil microbial
community composition (Högberg et al. 2007). There is
a widespread perception that forest N addition will lead
to an increase in C in the system by increasing the C
content of the soil organic layer (Liu and Greaver 2010).
Some N addition experiments estimated that N addition
changed the composition of the soil microbial commu-
nity (e.g., Demoling et al. 2008; Börjesson et al. 2012).
From an incubation study, Allison et al. (2009)
found that a low level of N addition can stimulate
the abundance of fungal species in boreal forest.
However, De Vries et al. (2006) found that N addi-
tion reduced the fungal biomass in grassland. Studies
of Demoling et al. (2008) showed that the effects of
N fertilization on soil microbial biomass and activity
differed depending on the conditions at the site prior
to fertilization.

Chinese fir (Cunninghamia lanceolata (Lamb.)
Hook) is a native conifer timber species and has been
widely planted in subtropical China for more than
1000 years due to its fast growth and good timber
quality. Cunninghamia lanceolata plantations now cov-
er 9.11 million hectares and account for more than 18 %
of all forest plantations in China and 5 % of all planta-
tions in the world (Huang et al. 2013b). Field observa-
tions suggest that growth of C. lanceolata after harvest
and replanting is significantly reduced and this problem
occurs in many C. lanceolata growing regions (Fang
1987), which has drawn considerable attention (Zhang
1997; Huang et al. 2000a). The decrease of
C. lanceolata growth in replanted woodlands has been
attributed to the depletion of soil nutrients (Zhang et al.
2004; Luan et al. 2010), allelopathy (Huang et al.
2000a) and pathogenic fungi (Zhang and Zak 1994).
As a result, plantings of native broadleaved tree species
in C. lanceolata sites are currently encouraged in sub-
tropical China for provision of multiple environmental
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outcomes including enhanced biodiversity and improved
soil fertility.Mytilaria laosensis (Hamamelidaceae) is an
evergreen broadleaf and commercial tree species which
is increasingly planted following C. lanceolata harvest
(Wu 2005).

The objective of this study was to examine the fac-
tor(s) influencing the microbial community structure
beneath M. laosensis and C. lanceolata plantations
planted on similar soil after harvest of C. lanceolata
and with the same forest management history. We used
a detritus input and removal treatment (DIRT) experi-
ment, an inter-site study to examine the feedback be-
tween plant and soil microbes through manipulation of
above- and belowground litter inputs to forest ecosys-
tems (eg., Wang et al. 2013), to examine litter input
factors influencing microbial community structure un-
der the two tree species. We hypothesized that: (1) soil
pH and (or) C:N ratio rather than tree species were the
important factors in determining microbial community
structure inM. laosensis and C. lanceolata soils and (2)
N addition may decrease soil C:N ratio and then change
soil microbial community structure under both tree
species.

Materials and methods

Site description and experimental design

The site is located at Xiayang forest farm (26°48′N,
117°58′E), northwest Fujian Province, South Eastern
China. The site has a deep red soil classified as a sandy
clay loam Ferric Acrisol according to the FAO/
UNESCO classification. The experimental site has a
humid subtropical climate, with short and mild winters
in January and February, and long, hot and humid
summers between June and October. Spring and autumn
are warm transition periods. Annual precipitation is
concentrated in spring and summer. Mean annual rain-
fall was 1669 mm and average temperature was 19.3 °C
in 2011.

In October 1992, a second rotation plantation of
C. lanceolata with an area of 5 ha was harvested using
chainsaws at age 29. The understory vegetation was
slashed and all surface organic matter was burnt on the
site. In April 1993, eight 20 m×30 m plots were
established on hill slopes (230–278 m elevation). The
two species were then randomly planted in the eight
plots with four plots of C. lanceolata seedlings and four

plots ofM. laosensis seedlings. The trees were spaced at
2 m×2 m to make up 150 trees per plot (2500 stems
ha−1). The plots were separated by more than 10 buffer
tree rows. The plantations were 19-years-old in 2011.

In July 2011, tree height and diameter at breast height
(DBH, measured at 1.3 m above-ground) were recorded
for all trees within plots. The basal area of a tree was
calculated as π×(DBH/2)2. Litterfall was measured
monthly from five 0.5 m2 litter traps, systematically
positioned within each plot from July 2011 for
12 months. Fine root (<2 mm) production was deter-
mined with the coring method. In brief, ten soil cores
were extracted from each plot in September 2011 by
using a 3.5-cm-diameter hole saw. The cores were
80 cm deep. Roots were picked from the cores first by
hand, and then the soil was washed through a 590 μm
sieve. The litter and fine root samples were oven-dried at
60 °C and weighed. A sub-sample of each litter and fine
root type (C. lanceolata and M. laosensis) were finely
ground for determination of C and N concentrations
using an Elementar Vario EL III CN analyzer. Lignin
concentrations in litter were determined using the
Klason lignin procedure (Hatfield et al. 1994). All the
features of tree, litter, root and soil are given in Table 1.

In July 2011, we conducted a DIRTexperiment in the
eight 20 m×30 m plots. Three small plots (average size
2 m x 2 m) were laid out in each large plot. Each small
plot received one of the following randomly allocated
treatments: 1) control,no treatment; 2) litter exclusion,
litter input was excluded with 1-mm-mesh screens
placed 0.5 m above the ground; and 3) root exclusion,
roots were excluded by trenching to 1 m followed by
insertion of impenetrable barriers. Each treatment was
replicated four times.

In July 2012, we also conducted a short-term N
addition experiment. Twelve 2 m×2 m plots were
established with six plots in M. laosensis and six plots
in C. lanceolata buffers. Two treatments, each with
three replications, were applied as follows: 1) control,
no N addition; 2) N addition, 5 g NH4NO3

(50 kg N ha−1 yr−1) was applied monthly for 8 months
to the plot.

Soil sampling

In the DIRT experiment plots, sampling was performed
in May 2012 when the treatments had been in place for
10 months. In the N addition experiment, sampling was
performed in March 2013 when the treatments had been
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in place for 8 months. Soil samples were collected at 0–
5 cm depth beneath the litter layer. Three samples per
plot were taken randomly and combined to one com-
posite sample. Soil samples were transported to the
laboratory and stored at 4 °C for less than 2 days prior
to processing. The moist soils were sieved (2 mm sieve)
to remove large pieces of organic debris prior to
analysis.

Soil chemistry

Soil pH was measured at a 1:2.5 soil/water (w/w) ratio.
Soil C and N concentrations were determined on finely
ground (<0.20 mm) sub-samples using a LECO EPS-
2000 CNS thermal combustion furnace (LECO Corp.,
St Jose, MI). Mineral N was extracted from field moist
samples (10 g oven-dry equivalent) by shaking with 2M
KCl at a soil solution ratio of 1:10, followed by
centrifuging at 2000 rpm for 20 min. The supernatant

was filtered through Whatman 42 filter paper, and min-
eral N was determined in the supernatant using an
automated ion analyzer (Quik Chem method 10–107-
064-D for NH4

+ and 10107–04-1-H for NO3
−). Soil

dissolved organic C (DOC) and N (DON) were extract-
ed in cold water. Water extracts were prepared by
mixing 10 g (oven-dry equivalent) of field moist soil
and 40 mL distilled water on an end-to-end shaker for
1 h. The mixture was then centrifuged at 3500 rpm for
20 min and filtered through a Whatman 42 paper and
then a 0.45 μm filter membrane. The organic C and N
concentrations in the water extracts were determined
using a SHIMADZU TOC-VCPH/CPN analyzer (fitted
with a TN unit). Total C and N were determined in the
soil light density fraction by the method of Huang et al.
(2011). In summary, 10 g air-dried soil was placed in a
centrifuge tube with 40 mL NaI (Fisher Chemical, UK)
with a density of 1.70 g cm−3. The tubes were shaken by
hand for 3 min and then centrifuged at 1000 rpm for
15 min. The floating material was aspirated from the
surface of tubes (about the top 20 mL) and then placed
into a filter unit (in a funnel containing Whatman GF
A/E filter paper). The shaking – centrifugation – aspira-
tion process was repeated at least four times, until no
floating material remained. The samples on the filter
paper were rinsed thoroughly with deionized water and
collected. The collected material, designated light frac-
tion, was dried at 60 °C for 24 h, and finely ground in a
mortar and pestle before analysis. The C and N concen-
trations in the soil light fraction were determined by an
Elementar Vario EL III CN analyzer.

Microbial community structure

We analyzed soil microbial community structure in the
0–5 cm layer through determination of the phospholipid
fatty acids (PLFA) from 10 g subsamples stored at
−20 °C. The method we used was adapted from White
et al. (1979) and slightly modified (after a pilot run) to
maximize extraction of fatty acids from the soil. Fatty
acids were extracted with a one phase solvent consisting
of a 1:2:0.8 mixture of chloroform, methanol, and phos-
phate buffer (pH 7.4). Soil samples were extracted with
20 mL of the solvent in a shaker for 24 h. The samples
were centrifuged at 1000 g for 10 min, and the superna-
tant was removed. The remaining soil was re-extracted
with 10 mL of the same extraction solvent for a further
12 h. The supernatant was removed after centrifuging
and the two extracts were combined and then evaporated

Table 1 Tree growth, above- and below- ground litter production
and litter properties in 19-year-oldM. laosensis and C. lanceolata
forests planted after harvesting of C. lanceolata

Characteristic M.laosensis C. lanceolata

Mean diameter breast height (cm) 14.7 (2.8) a 15.9 (3.6) a

Mean tree height (m) 14.6 (1.0) a 12.9 (1.6) a

Litter

Production (Mg ha−1 yr−1) 9.5 (0.8) a 4.3 (0.7) b

C (mg g−1) 469.3 (11.0) a 513.6 (7.8) b

N (mg g−1) 19.3 (1.5) a 8.9 (0.6) b

C:N ratio 24.4 (1.2) a 57.7 (2.3) b

Lignin:N 15.3 (2.0) a 37.4 (2.1) b

Fine root (<2 mm)

Biomass (Mg ha−1) 9.8 (3.6) a 7.8 (1.0) a

C (mg g−1) 329.0 (1.1) a 356.7 (2.4) a

N (mg g−1) 8.8 (0.1) a 8.7 (0.1) a

C:N ratio 37.6 (0.9) a 41.2 (5.2) a

Soil (0–5 cm)

pH 4.4 (0.1) a 4.6 (0.2) a

C (g kg−1) 39.5 (4.1) a 30.2 (5.9) b

N (g kg−1) 2.2 (0.3) a 1.9 (0.3) a

C:N ratio 17.9 (0.4) a 16.2 (1.1) b

For a given plant or soil property, means followed by different
letters differ significantly between species (P<0.05 by t-test). Data
are means of four replicates with standard deviation in parentheses.
Litter production was estimated for a calendar year between July
2011 and June 2012. Fine root production was estimated in No-
vember 2011
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under N2 to a volume of 1 mL. The phospholipids in the
concentrated extract were separated on silicic acid col-
umns by sequentially eluting with organic solvents of
increasing polarity and amended with a non-adecanoic
acid standard (100 μl). They were then saponified and
methylated, forming fatty acid methyl esters (FAMEs).
Individual FAMEs were identified by gas chromatogra-
phy (Hewlett Packard 5890 GC, equipped with a 6890
series injector, a flame ionization detector and an Ultra 2
capillary column (25 m×0.2 mm, 0.33 μm film thick-
ness) based on their retention times and in combination
with theMIDI SherlockMicrobial Identification System
(MIDI Inc., Newark, DE).

Total lipid abundance was calculated as the sum of
lipids of which chain length was from C10 to C20 and
could be measured as microbial biomass. Gram-positive
bacteria were represented by all iso and anteiso branch
chain fatty acids (Denef et al. 2009; Landesman and
Dighton 2010), whereas Gram-negative bacteria were
represented by monounsaturated and cyclopropane fatty
acids (Frostegård et al. 2011; Ushio et al. 2013).
18:2ω6,9 and 18:1ω9 were used as indicators of fungi
biomass, while 16:1ω5 was used to indicate arbuscular
mycorrhizal fungi (Swallow et al. 2009). The PLFAs 10
Me16:0, 10 Me17:0 and 10 Me18:0 were used to indi-
cate soil actinomycetes (Supplemental Table 1). The
abundance of individual PLFAs was calculated as the
absolute amount of C (nmol PLFA-C g−1 soil) and then
converted to mole percentage PLFA-C. Fungi:bacteria
and Gram-positive: Gram-negative bacteria ratios
were calculated as (18:2ω6,9+18:1ω9)/(sum of
all bacterial lipid), and (sum of the branched
l ipids) / (sum of the mono-unsatura ted and
cyclopropyl lipids), respectively.

Statistical analysis

Statistical analyses were performed using SPSS 11.5 for
Windows or Microsoft Excel 2003. One way ANOVA
was used to determine the impact of treatments on soil
microbial and chemical properties. The concentrations
of the individual PLFAs (expressed as mol%) were
subjected to principal component analysis (PCA). Be-
fore conducting this analysis, % mole abundance of
individual lipids were subjected to the arcsine square
root transformation to ensure normality in the lipid data
set. For microbial community structure, the PCA axis
that explained the largest variation in PLFA data was
used. We also performed redundancy analysis (RDA) to

determine which soil properties (pH, soil C, soil N and
C:N ratio) were related to soil microbial community
structure. The RDA analysis was based on a covariance
matrix, where %mol abundance of individual lipids was
centered. The ordination axes representing aggregates of
the environmental factors were tested for significance
(P<0.05) to explain the variation in the PLFA data using
a Monte Carlo permutation test. We used Spear-
man correlation analysis to study the significance
of relationships between PLFA signatures and soil
C and N properties in the DIRT experiment plots.
Throughout the text, differences were considered
significant if P≤0.05.

Results

Soil chemistry

Our study shows tree species had a significant (P<0.01,
Supplemental Table 2) effect on soil C concentration in
the DIRT experiment where soil C was greater under
M. laosensis than C. lanceolata in all treatments
(Table 2). A similar pattern was evident in the N addi-
tion experiment although the species main effect was
not significant (P=0.06, Supplemental Table 2). Be-
cause of the greater C concentrations, C:N ratios were
also greater in M. laosensis soil (Table 2). Litter or root
exclusion (DIRT experiment) and N addition did not
significantly affect soil C concentrations (Table 2). In
the DIRT experiment, root exclusion significantly in-
creased the soil N concentration and reduced the C:N
ratio in M. laosensis soil (P<0.05, Supplemental
Table 2), but not in C. lanceolata soil. N addition did
not significantly affect soil N concentrations. Soil pH
was not significantly affected by species or treatment in
either experiment.

In the DIRT experiment plots, soil NO3
− and DON

were significantly greater under C. lanceolata than un-
der M. laosensis (P<0.01, Table 3). Soil DOC, light
fraction organic C and N were greater in M. laosensis
soil than in C. lanceolata soil (P<0.01, Table 3). Root
exclusion significantly increased the NH4

+ and total
mineral N concentrations, however did not significantly
change the DOC, DON or light fraction organic C and N
inM. laosensis soil (Table 3). Under C. lanceolata, litter
and root exclusion did not affect the concentrations of
any of these parameters (P>0.05, Table 3).
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Microbial community structure

In the DIRT experiment, root exclusion had a greater
influence on soil microbial community structure than
litter exclusion (Fig. 1 and 2). The % mol abundance of
individual lipid biomarkers was subjected to a PCA and
the PC1 and PC2 components (x- and y-axis, respec-
tively) together accounted for 80.2 % of the variation
(PC1 56.4 % and PC2 23.8 %, Fig. 1a and b). The
samples from the root exclusion plots were found to
the left, clearly separated from the control and no litter
input plots under both M. laosensis and C. lanceolata
(PC1 scores subjected to one-way ANOVA, P=0.00).

Litter and root exclusion did not significantly affect
the microbial biomass estimated by total PLFAs under
M. laosensis and C. lanceolata (Fig. 2a and b) although
individual fungal and bacterial biomarkers were affect-
ed. After 10 months of root exclusion, the abundance of
the two fungal biomarkers 18:1ω9 and 18:2ω6,9 was
reduced by 2.26 and 3.78 mol% in M. laosensis soil
(P<0.01) and by 1.73 and 1.15 mol% in C. lanceolata
soil (P<0.05), respectively (Fig. 2c and d). Root exclu-
sion significantly increased the abundance of the Gram-
positive bacteria in both species (Fig. 2e and f) and the
Gram-positive to Gram-negative bacteria ratio
(P<0.05). The fungi to bacteria ratio was also

Table 2 Soil chemical characteristics in the 0–5 cm soil layer sampled from the detritus input and removal treatment (DIRT) and N addition
experiments in 19- year-old M. laosensis and C. lanceolata plantations

Tree species Treatment pH Soil C
(g kg−1)

Soil N
(g kg−1)

C:N ratio

DIRT experiment

M. laosensis Control 4.8 (0.1) a 25.8 (2.7) a 1.6 (0.1) a 15.8 (0.9) a

Litter exclusion 4.7 (0.1) a 26.5 (2.9) a 1.7 (0.1) a 15.8 (0.8) a

Root exclusion 5.0 (0.7) a 31.7 (5.5) a 2.3 (0.3) b 13.9 (0.8) b

C. lanceolata Control 5.0 (0.0) a 20.8 (2.5) b 1.6 (0.1) a 13.3 (0.8) bc

Litter exclusion 4.9 (0.1) a 22.2 (0.9) b 1.6 (0.9) a 13.6 (0.4) bc

Root exclusion 5.3 (0.1) b 22.0 (1.9) b 1.7 (0.1) a 12.8 (0.4) c

N addition experiment

M. laosensis Control 4.7 (0.3) a 30.2 (1.2) a 2.1 (0.6) a 14.4 (1.2) a

N addition 4.7 (0.3) a 30.3 (1.5) a 2.2 (0.3) a 13.5 (1.1) ab

C. lanceolata Control 4.9 (0.4) a 21.1 (0.9) a 1.7 (0.1) a 12.5 (0.2) b

N addition 4.7 (0.2) a 22.9 (2.4) a 1.8 (0.2) a 13.0 (0.1) ab

For a given parameter, means followed by different letters differ significantly (P<0.05 by one way ANOVA) between treatments. Data are
means of four replicates in the DIRTexperiment and of three replicates in the N addition experiment with standard deviations in parentheses

Table 3 Soil C and N properties in the 0–5 cm soil layer from the detritus input and removal treatment (DIRT) experiment in 19- year-old
M. laosensis and C. lanceolata plantations

Tree species Treatment NH4
+

(μg g−1)
NO3

−

(μg g−1)
Mineral N
(μg g−1)

DOC
(mg kg−1)

DON
(mg kg−1)

Light C
(g kg−1)

Light N
(g kg−1)

M. laosensis Control 13.0 (1.9) a 0.49 (0.22) a 13.5 (2.4) a 82.5 (10.7) a 4.5 (1.5) a 1.9 (0.7) ab 0.08 (0.02) a

Litter exclusion 10.3 (2.6) a 0.21 (0.05) a 10.5 (2.6) b 78.2 (5.2) a 5.6 (2.1) a 2.1 (1.1) a 0.08 (0.04) a

Root exclusion 17.4 (1.9) b 0.52 (0.12) a 17.9 (2.3) a 71.5 (9.4) a 5.9 (1.8) a 1.9 (0.7) ab 0.07 (0.02) a

C. lanceolata Control 12.2 (2.4) a 3.86 (1.36) b 16.1 (1.5) a 33.1 (11.9) b 8.5 (1.6) b 0.8 (0.3) b 0.03 (0.01) b

Litter exclusion 12.4 (3.1) a 5.98 (1.35) b 18.4 (4.2) a 30.8 (11.3) b 11.1 (2.1) b 1.0 (0.1) b 0.03 (0.01) b

Root exclusion 11.3 (2.3) a 6.35 (2.91) b 17.6 (3.3) a 30.8 (13.9) b 10.0 (3.5) b 1.1 (0.4) b 0.04 (0.01) b

For a given parameter, means followed by different letters differ significantly (P<0.05 by one way ANOVA) between treatments. Data are
means of four replicates in the DIRTexperiment with standard deviations in parentheses. DOC and DON, water-extracted organic C and N;
Light C and Light N, light fraction soil organic C and N
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significantly lower in root exclusion plots than control
plots in the soils of both tree species (Fig. 2g and h). The
abundance of 16:1ω5, indicative of arbuscular mycor-
rhizal fungi, did not differ significantly between root
exclusion (3.27±0.87 mol%) and control (3.16±
0.24 mol%) plots in M. laosensis soil. However, root
exclusion caused an increase of about 27 % in the PLFA
16:1ω5 in C. lanceolata soil (2.30±0.15 mol% in
control and 2.93±0.38 mol% in root exclusion
plots, P=0.03).

In the N addition experiment, PCA analysis of all the
PLFA data showed that the PC1 and PC2 components
(x- and y-axis, respectively) together accounted for
87.4 % of the variation (PC1 63.1 % and PC2 24.3 %,
Fig. 1c and d). There were no major differences in soil
microbial community structure between the control and
N addition treatment in either of the M. laosensis or the
C. lanceolata soils (PC1 scores subjected to one-way
ANOVA on ranks P>0.05, Supplemental Table 3).
Compared with the control, N addition also had no
effect on the content of bacteria, actinomycetes or fungi
as measured in nmol g−1 in the soil of either species
(P>0.05, data not shown).

Correlations among potential PLFA signatures
and measured soil chemistry properties

Redundancy analysis showed that soil microbial commu-
nity structure in the DIRTexperiment plots was related to
soil pH and C:N ratio; together, all of the environmental
data explained 49.4 % of the variance, with axis 1
explaining 38.8 % of the variance and axis 2 explaining
another 10.6 % (Fig. 3a). In the N addition experiment
plots, soil microbial community structure was significant-
ly related to soil C, soil N and C:N ratio; together, all of
the environmental data explained 57.6 % of the variance,
with axis 1 explaining 54.1 % of the variance and axis 2
explaining another 3.5 % (Fig. 3b). The abundance of the
fungal lipid biomarkers, 18:1ω9 and 18:2ω6,9 was sig-
nificantly and positively related to soil C:N ratio and the
abundance of bacterial community was significantly and
negatively related to soil C:N ratio (Fig. 4).

In addition, soil NO3
− was significantly and nega-

tively correlated with the content of total PLFAs, while
soil DOC was significantly and positively correlated
with the content of total PLFAs (P<0.05, Table 4).
The abundance of Gram-positive bacteria, arbuscular

Fig. 1 Principal component analysis of the signature phospholipid
fatty acids used for examining the general soil microbial community
structure in the 0–5 cm soil layer sampled in the detritus input and

removal treatment (a and b) and N addition (c and d) experiments
underM. laosensis (a and c) and C. lanceolata (b and d)
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mycorrhizal fungi (16:1ω5) and total fungi showed
significant correlations with soil NO3

−, mineral N and
DOC in the DIRT experiment plots (Table 4). The
abundance of Gram-negative bacteria and arbuscular
mycorrhizal fungi were significantly related to soil light
fraction organic C and N.

Discussion

Overall, our results showed that soil C:N ratio has a
strong relationship with the microbial community struc-
ture in our subtropical broadleafM. laosensis and conif-
erous C. lanceolata plots. Although this result is based
on a single date of sampling and microbial community
are temporally sensitive (Landesman and Dighton
2010), we note that it agrees with the results of Högberg
et al. (2007) and Ushio et al. (2008), who found that soil
C:N ratio and the effect of tree species on this ratio, were
the important factors in influencing soil microbial com-
munity structure. Tree species specific effects on soil
microbial community structure are due to several mech-
anisms, including the inter-specific differences in the
quality and quantity of above- and belowground inputs
to soil, and the indirect influence on soil pH and C:N ratio
(Leckie et al. 2004; Ushio et al. 2008; Iovieno et al. 2010).
Recent evidence shows that site factors, such as pH,
texture, organic matter content and C:N ratio of the soil,
and the influence of tree species on these factors, plays an
important role in determining microbial community struc-
ture (Fierer et al. 2009; Rousk et al. 2010a, 2010b). Our
previous study showed that although the litter chemistry
(C:N and lignin:N ratio) varies significantly between co-
niferous C. lanceolata and broadleaf M. laosensis, it did
not change soil microbial community structure in the
mineral soil (Huang et al. 2013a). The results of the
present study confirmed our first hypothesis that soil
C:N ratio rather than tree species was the important factor
in determining soil microbial community structure.

Soil C:N ratio can reflect the substrate quality for soil
microorganism growth (Myrold 1999). In general, the
biomass and activity of microbes is constrained by the
availability and quality of C and nutrients (Wardle 1992;
Demoling et al. 2007). Our observations are consistent
with other studies that have demonstrated that fungal
biomass decreases and bacterial biomass increases with
increasing pH and decreasing soil C:N ratio (Högberg
et al. 2007; Lauber et al. 2008). Previous studies have
shown that land-use change has significant effects on

soil properties such as pH and C and N content and the
changes of these soil properties may shift the structure
of bacterial and fungal communities (Fierer and Jackson
2006; Lauber et al. 2008). In our study, the tree species
transition from coniferous C. lanceolata to broadleaf
M. laosensis significantly increased soil C:N ratio due
to the input of large amounts of high quality above-
ground litter. We also found that the soil labile organic
C and N under M. laosensis were greater than under
C. lanceolata in previous research at this site (Wan et al.
2014). Microorganisms would find this more labile
organic matter easier to use than less labile substrates.
In the DIRT experiment, we found that soil NO3

−,
mineral N, DOC, DON, and light fraction organic C
and N concentrations were related to the content of total
PLFAs and the abundance of bacterial and fungal
communities, suggesting that soil organic matter
and nutrient quality may play a critical role in
mediating the size and structure of the microbial
community in forest soils.

N addition can be an effective measure for improving
plant productivity, N availability and substrate quality in
forest ecosystems. Many studies have found that in-
creased N tends to decrease total microbial biomass
and the fungi:bacteria ratio (Rousk et al. 2011). The
fungal community has been found to be more sensitive
to N addition than the bacterial community (Demoling
et al. 2008; Allison et al. 2009; Börjesson et al. 2012).
However, in our study, 8 monthly N additions did not
change the biomass and structure of the soil microbial
community underM. laosensis or C. lanceolata. There-
fore, our second hypothesis was not confirmed. This
may be because of the short time period of our N
addition experiment (Demoling et al. 2008; Weand
et al. 2010). We found that the soil C:N ratio was
significantly higher under M. laosensis than under
C. lanceolata at the site prior to fertilization. The soil
C:N ratio was significantly and positively related to
fungal lipid biomarkers and negatively related to bacte-
rial community biomarkers. These results lead us to
conclude that the soil nutrient availability before N
addition was an important factor in determining the

�Fig. 2 Selected soil microbial community characteristics, based
on signature lipid biomarkers (PLFA) in the 0–5 cm soil layer
sampled in the detritus input and removal treatment experiment in
19- year-old M. laosensis and C. lanceolata plantations. For the
same parameter, means with the same letter are not significantly
different at P<0.05 owing to treatment effects. Histograms show
the mean of four replicates with the standard deviation
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Fig. 3 Redundancy analysis of soil microbial PLFAs in the detri-
tus input and removal treatment (a) andN addition (b) experiments
in 19- year-old M. laosensis and C. lanceolata plantations.

Ordination diagrams show species scores and environmental fac-
tor scores (vectors)
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effect of N fertilization on soil microbial biomass and
community structure.

The PLFA analysis of the soils from the DIRT plots
showed that root exclusion significantly changed soil
microbial community structure under M. laosensis and
C. lanceolata. This result is in accordance with previous
studies (Brant et al. 2006a; Kramer et al. 2010; Wang
et al. 2013), where researchers found that root C input
had a greater influence on soil microbial community
structure than above-ground litter input. Some studies
have found that root exclusion decreased fungal bio-
mass and changed bacterial community structure in the

organic layer, but not in the mineral horizons of forest
soil (Siira-Pietikäinen et al. 2003; Subke et al. 2004).
However, our findings were consistent with the studies
of Brant et al. (2006a) in which root exclusion signifi-
cantly decreased fungal biomarker abundance and
changed the bacterial community structure in the min-
eral soil. Root exclusion, preventing the flow of photo-
synthates from canopy to soil, should lead to a reduction
in plant belowground C allocation (Li et al. 2004; Feng
et al. 2009; Leff et al. 2012). Root-derived C is the
predominant source of mineral soil organic matter and
the major (>60 %) source of C for microbes in forest

Table 4 Spearman rank correlation coefficients between PLFA signatures and indicators of soil C and N properties in the 0–5 cm soil layer
sampled in the detritus input and removal treatment experiment in 19- year-old M. laosensis and C. lanceolata plantations

NH4
+ NO3

− Mineral N DOC DON Light C Light N

Total PLFAs (nmol g−1) 0.168 −0.434* −0.094 0.473* −0.233 0.354 0.380

Gram-positive bacteria (mol%) 0.119 0.433* 0.494* −0.444* 0.369 −0.122 −0.202
Gram-negative bacteria (mol%) −0.075 0.190 0.017 −0.266 0.294 −0.521** −0.488*
Arbuscular mycorrhizal fungi (mol%) −0.219 −0.584** −0.661** 0.628** −0.608** 0.523** 0.504**

Actinomycetes (mol%) −0.026 0.358 0.157 −0.441* 0.207 −0.174 −0.231
Fungi (mol%) −0.116 −0.513* −0.497* 0.453* −0.459* 0.223 0.322

DOC and DON, water-extracted organic C and N; Light C and N, light fraction soil organic C and N

* Significance at P<0.05; **Significance at P<0.01; n=24

Fig. 4 Correlations between the bacterial and fungal lipid biomarkers (18:1ω9 and 18:2ω6,9) and soil C:N ratio in the detritus input and
removal treatment and N addition experiments in 19- year-old M. laosensis and C. lanceolata plantations (n=36)
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soils (Brant et al. 2006b; Kramer et al. 2010). Therefore,
inhibition of root C input will cause a reduction of the
biomass and activity of soil microbes and may change
the structure of the soil microbial community. Kramer
and Gleixner (2006) found that Gram-negative bacteria
preferentially utilize recent plant material as a microbial
C source while Gram-positive bacteria use substantial
amounts of soil organic matter C. In this study, root
exclusion increased the abundance of Gram-positive
bacteria, which supports the argument that root exclu-
sion probably shifted the soil microbial community
towards species tending to utilize more recalcitrant C.

An interesting result we found is that root exclusion
did not change the abundance of arbuscular mycorrhizal
fungi (16:1ω5) in M. laosensis soil, however, it caused
an increase of 27% inC. lanceolata soil. InM. laosensis
plots, we observed abundant mycorrhizae and fine roots
beneath the litter layer. Studies have shown that leaf
litter may provide a readily available nutrient source
via superficial fine roots and mycorrhizal hyphae (Sayer
et al. 2006; Luizao et al. 2007). This result leads us to
conclude that the mycorrhizal fungal community used
litter-derived C when root C input was reduced in
M. laosensis soil. Studies in subtropical China suggest
that growth of Chinese-fir in replanted woodlands could
lead to an increase in the concentrations of
allelochemicals such as phenolics in soil (Huang et al.
2000b). Plant allelochemicals not only affect plant
growth (Huang et al. 2000b), but may also reduce soil
microbial biomass and activity and alter the community
composition (Li and Xiao 2012). For example, Souto
et al. (2000) reported that plant-produced phenolic com-
pounds inhibited soil microbial activity in French sub-
alpine Norway spruce (Picea abies) forests. In our study,
the increase in abundance of arbuscular mycorrhizal
fungi in C. lanceolata soil implies that root exclusion
caused an increase in C quality in contrast to
C. lanceolata soil. The changes in the abundance and
composition of arbuscular mycorrhizal fungi could have
a large influence on soil C processing rates and C input
quality (Langley and Hungate 2003).

Conclusions

Many studies have examined the effect of tree species
on the structure of the soil microbial community, but
often such studies do not clearly separate the effect of
other factors, such as soil properties and land-use history

that may affect the community, from the tree species
itself. Here, we have shown that the effect of tree species
on soil C:N ratio rather than the effect of tree species
directly on the microbial community was the main fac-
tor in determining community structure. Soil nutrient
availability before N addition was an important factor in
determining the effect of N fertilization on soil microbial
biomass and community structure. Although the quality
of above-ground litter differed significantly between
broadleaf M. laosensis and coniferous C. lanceolata,
root C input had a greater influence on soil microbial
community structure than above-ground litter input.
Root exclusion decreased the abundance of fungal bio-
markers and changed the bacterial community structure
in the mineral soil.
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