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ABSTRACT

We analyzed the influence of above- and below-

ground factors on the soil microbial community in

a Chinese subtropical forest, one of the most

diverse biomes in the northern hemisphere. Soil

samples were taken at different depths from four

replicate comparative study plots in each of three

forest age classes (young 10–40 years, medium

40–80 years, old ‡80 years). Microbial biomass and

community structure were then determined using

phospholipid fatty acid (PLFA) analysis, and basal

respiration and microbial biomass carbon (Cmic)

were determined by substrate-induced respiration.

These data were then related to plant community

and soil variables using non-metric multidimen-

sional scaling analysis and post-hoc permutational

correlations. We found that microbial lipid com-

position and abundance were not related to forest

age class. Instead, microbial lipid composition and

abundance were related to factors reflecting pri-

mary production, i.e., percent litter cover, percent

dead wood cover, and percent tree layer cover.

Specifically, the relative abundance (mol fraction)

of indicators for arbuscular mycorrhizal fungi,

Gram-positive and Gram-negative bacteria were

positively significantly correlated with percent litter

cover. We also found that the biomass of all

microbial groups and total PLFA were negatively

significantly related to percent deadwood cover. In

addition, pHH2O was the only soil parameter that

was correlated significantly to microbial biomass.

Our results indicate that overarching ecological

factors such as plant productivity and soil pH are

important factors influencing the soil microbial

community, both in terms of biomass and of com-

munity composition in this subtropical ecosystem.

Key words: BEF-China; PLFA; SIR; NMDS

analysis; subtropical forests; microbial biomass.
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INTRODUCTION

Forest soil microorganisms play an important role in

ecosystem functioning, especially in decomposing

organic materials, nutrient cycling, and soil devel-

opment (Schimel and Bennett 2004; Carney and

Matson 2005; Hernesmaa and others 2005). In for-

ests and other ecosystems, soil microbial communi-

ties are closely linked to multiple drivers including

soil chemical and physical characteristics (Boyle and

others 2008), plant diversity (Bartelt-Ryser and

others 2005), plant community composition

(Carney and Matson 2006; Kao-Kniffin and Balser

2008), and plant productivity (Johnson and others

2003). However, the influence of these different

factors has rarely been studied simultaneously in an

effort to determine their respective impact.

There are many ways in which plant communi-

ties can influence soil microbial community

dynamics. For instance, plant diversity and species

composition influence the magnitude and the sta-

bility of ecosystem processes over time, as well as

soil microbial community composition (Hooper and

Vitousek 1997; Bossio and others 1998; Steenwerth

and others 2003; Carney and Matson 2006). The

quality and quantity of litter resource inputs into

soil also have a direct influence on soil microbial

community composition and function (Waldrop

and others 2000; Wilkinson and Anderson 2001;

Scherer-Lorenzen and others 2007; Bardgett and

others 2008). In tropical soils, similar plant diver-

sity levels with different combinations of species

and functional types can affect soil microbial

abundance and their carbon cycling (Carney and

Matson 2005). The presence of certain tree species

can induce different effects on the soil biota and the

processes they regulate, including rates of nutrient

inputs, outputs, and cycling (Binkley and Giardina

1998; Yeates 1999), and may also determine

microbial distribution across the landscape

(Pennanen and others 1999; Saetre 1999). In

addition to their effects on soil microbial biomass

and community composition, plant functional

types can stimulate or repress microbial respiration

(Johnson and others 2003).

Abiotic factors are also important determinants

of soil microbial communities. In general, microbial

biomass and community structure significantly

decrease with soil depth (Fierer and others 2003).

In addition, as shown in temperate forests, the

same tree species growing on different soil types

can differentially affect the amount of microbial

biomass, where soils higher in soil C or N content

can favor higher microbial biomass (Boyle and

others 2008).

Phospholipid fatty acid (PLFA) analysis allow for

the quantitative analysis of several ecological

groups of soil microorganisms, and have been used

in a wide range of field studies (McSpadden

Gardener and Lilley 1997; Bossio and others 1998;

Bååth 2003; Bååth and Anderson 2003). Another

quantitative approach, substrate-induced respira-

tion (SIR), utilizes the physiological response of soil

organisms to substrate amendment to estimate

heterotrophic soil microbial biomass carbon (Cmic)

(Anderson and Domsch 1978; Rinklebe and Langer

2006). The metabolic quotient (qCO2; calculated as

the basal respiration (BR) per SIR) is an indicator of

microbial ecophysiological status (Anderson and

Domsch 1990; Fritze and others 1994; Melero and

others 2006). These quantitative methods have

been proven useful for characterizing how micro-

bial communities are related to changes in the soil

habitat (Gershenson and others 2009; Gutknecht

and others 2012). For example, SIR has been uti-

lized for studying the effect of afforestation on Cmic

and BR (Mao and others 1992), and the seasonal

changes of microbial biomass (Yang and Insam

1991) in Chinese tropical forests. Therefore, for

unexplored subtropical sites with potentially het-

erogeneous soil conditions, PLFA and SIR are

appropriate methods for measurement of microbial

biomass and community structure.

It has been shown that plant diversity is closely

linked to ecosystem functioning (Alexander and

Lee 2005; Hooper and others 2005) and soil

microbial biomass (Balvanera and others 2006).

Subtropical forest ecosystems are one of the most

prominent diversity hotspots in the northern

hemisphere, particularly for trees and shrubs.

Specifically, subtropical and tropical moist broad-

leaf forests have the highest mean plant species

richness among all biomes (Kier and others 2005).

In addition, the floristic composition of woody

species in subtropical forests follows a clear suc-

cessional gradient during forest regeneration

(deforestation being a major problem in many

subtropical forests; Bruelheide and others 2011).

However until now, there have been especially few

studies of microbial communities in relation to soil

characteristics, plant communities, and diversity in

this region as compared with temperate and boreal

ecosystems (Wardle and others 2004). Here, we

study microbial composition and activity in sub-

tropical forest plots on a gradient of successional

stages. These plots, termed comparative study plots

(CSPs), serve as a reference for a manipulative

experiment on tree diversity that has been imple-

mented by an interdisciplinary Biodiversity and
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Ecosystem Functioning project (BEF-China) in

subtropical China. We employed both SIR and

PLFA to characterize the microbial community, and

related these data to plant community and soil

characteristics collected as part of a broad collabo-

rative project (Bruelheide and others 2011). We

hypothesized that (1) indices of plant productivity

would be positively related to soil microbial abun-

dance and would be determinants of microbial

community structure; (2) that plant community

composition would be significantly related to

microbial community composition; and (3) micro-

bial community structure and activity would differ

among the three forest age classes, which also differ

in plant community composition.

MATERIALS AND METHODS

Study Site and Soil Sampling

The investigation was conducted in the Gutianshan

National Nature Reserve (NNR) in the Zhejiang

Province in south-eastern China (29�8¢18¢¢–
29�17¢29¢¢N, 118�2¢14¢¢–118�11¢12¢¢E). The NNR is

approximately 81 km2 in size and is located in a low

mountainous region with a typical subtropical cli-

mate. Approximately 57% of the reserve is natural

forest (Legendre and others 2009). The NNR vege-

tation type is representative of typical subtropical

forest ecosystems consisting of mixed evergreen and

deciduous broad-leaved species. In total, 111 woody

species from 41 families have been recorded at

the study plots, with Castanopsis eyrei (Fagaceae),

Daphniphyllum oldhamii (Daphniphyllaceae), and

Schima superba (Theaceae) as dominant woody spe-

cies (Bruelheide and others 2011).

Soil sampling was carried out between August and

September 2008 on a subset of 12 plots belonging

to three forest classes representing age since natu-

ral regeneration (young 10–40 years, medium 40–80

years, old ‡80 years, with four replicate plots each).

Each plot measured 30 9 30 m2 and was subdivided

into nine subplots (10 9 10 m2). The altitude of the

12 plots varied from 250 to 620 m above sea level

with an inclination of 20� to 45�. The mean annual

temperature at the NNR is 15.3�C with a maxi-

mum of 38.1�C in July and a minimum of

-6.8�C in January (Geißler and others 2011). The

annual mean precipitation is 1964 mm (calculated

from data from 1958 to 1986), occurring mostly be-

tween March and September (Hu and Yu 2008;

Legendre and others 2009).

Within each plot, soil samples were collected in

each of 9 subplots and combined into 3 or 4 depth

fractions according to the soil profile investigated in

each plot using a 5-cm diameter auger. For each

depth horizon, the 9 subsamples were then com-

bined into one composite sample per plot.

Homogenized samples were immediately hand-

sieved in the field ( £ 2 mm) to remove stones,

roots, macro-fauna, and litter material. One half of

each sample was then stored at -20�C until anal-

ysis (Langer and Rinklebe 2009). The other half

was air-dried for chemical and particle size analy-

ses. Because the soil horizons in each plot were

slightly different (Appendix Table 1 in Supple-

mentary material), we only present and discuss

general trends with depth and focus the detailed

analysis only on samples from the A horizon (see

‘‘Statistical analysis’’).

Soil Chemical and Soil Physical Analyses

All analyses were carried out on air-dried-sieved

samples (<2 mm). Soil samples for C and N anal-

yses were ground using a ball mill. pHH2O was

determined potentiometrically in a 1:2.5 solution

(soil to water). Soil particle-size distribution

(<2 mm) was determined by sieving and analyz-

ing the smaller-than-63-lm fractions (silt and clay)

by pipette, using Na4P2O7 as a dispersant. Total

carbon (Ct) and total nitrogen (Nt) were measured

with heat combustion and thermal conductivity

detection using a CN-element analyzer (Elementar

Vario EL III, Tübingen, DE). Ct can be taken as soil

organic carbon (SOC or Corg) because no calcareous

material was present in the soils. The soil profile of

each plot was described according to Ad-hoc-AG

Boden (2005), FAO (2006), and IUSS Working

Group WRB (2007).

Microbial Community Structure

PLFA analysis was performed following a modified

version of the procedure described by Frostegård

and others (1991) and White and others (1979).

Lipids were extracted from 2 g of soil from each

sample with a chloroform–methanol–citrate buffer

mixture (1:2:0.8 v/v/v), with three laboratory

replicates (Bligh and Dyer 1959) and subsequently

fractionated into neutral, glycol, and phospholipids

on silicic acid columns (SPE-SI; Bond Elut 3CC,

500 mg, Varian, Inc.). Phospholipids were then

converted to fatty acid methyl esters by mild alka-

line methanolysis. Fatty acid methyl esters were

analyzed using gas chromatography coupled with

mass spectroscopy using a Hewlett–Packard 6890

series gas chromatograph with a DB-5MS column

(60.0-m length, 0.25-mm internal diameter, and

coated with a cross-linked 5% phenyl methyl

rubber phase with a film thickness of 0.25 lm)

Relationships Between Soil Microorganisms, Plant Communities, and Soil Characteristics

Author's personal copy



interfaced to an Agilent 5973 mass selective

detector. The fatty acid peaks were identified

according to retention time and mass spectrum

information. Individual peaks were quantified

based on peak area converted to nmol lipid g soil-1

using a 19:0 internal standard (Langer and

Klimanek 2006; Rinklebe and Langer 2006).

In total, 27 lipids with less than 20 carbon atoms

in length were used to calculate total microbial lipid

abundance (nmol lipid g soil-1), including 12:0,

i13:0, i14:0, 14:0, i15:1, i15:0, a15:0, 15:0, i16:0,

16:1x9c/12c, 16:1x7c, 16:1x7t, 16:1x5c, 16:0,

10Me16:0, i17:0, a17:0, cy17:0, 17:0, 10Me17:0,

18:2x6,9, 18:1x9c, 18:1x7c, 18:1x7t, 18:0,

10Me18:0, and cy19:0 (Vestal and White 1989;

Zelles and others 1992; Hill and others 1993;

Frostegård and Bååth 1996). The smaller lipids

(<14:0) may be artifacts of the extraction process,

but they were in small quantity and did not influ-

ence the results. The total lipid abundance was

then used to calculate the relative abundance of

each individual lipid present (mol fraction, nmol

individual lipid per total lipid abundance).

Individual lipids were used to indicate broad

groups of the microbial community: 16:1x5c for

arbuscular mycorrhizal fungi (AMF) (Olsson 1999);

18:2x6,9c for general fungi (Balser and others

2005); 16:1x7c for Gram-negative bacteria

(Gram-); i15:0 for Gram-positive bacteria (Gram+),

and 10Me16:0 for actinobacteria (Wilkinson and

others 2002). We found that results were similar

whether we represented bacterial groups with one

versus more indicators, and thus simplified our

final analysis by using only one indicator. The ratio

of fungal lipids (18:2x6,9 and 18:1x9c) to bacterial

lipids (12:0, i13:0, i14:0, 14:0, i15:1, i15:0, a15:0,

15:0, i16:0, 16:1x9c/12c, 16:1x7c, 16:1x7t,

10Me16:0, i17:0, a17:0, cy17:0, 17:0, 10Me17:0,

18:1x7c, 18:1x7t, 18:0, 10Me18:0, and cy19:0) was

used to estimate the fungal to bacterial biomass

ratio (Frostegård and Bååth 1996).

Microbial Respiratory Biomass
and Metabolic Quotient

Cmic was estimated with 25 g oven-dry equivalent

of field-moist soil by SIR according to Anderson

and Domsch (1978). Before analyzing, frozen

samples were completely thawed and adjusted to

appropriate moisture content (Langer and Rinklebe

2009). All samples were pre-incubated at 20�C for

at least 48 h (Langer and Rinklebe, 2009). Later the

analysis was also carried out at 20�C. We realized

that performing Cmic analysis on previously frozen

samples would introduce a certain bias toward

organisms that easily recover during the pre-incu-

bation. However, this was the only viable option

because of the long transportation distance from

field sites in China to the laboratory in Germany.

Care was taken to treat all the samples the same in

the lab so that comparisons could be made between

plots. BR was first measured for 24 h without

amendment, followed by addition of glucose and

talcum to measure SIR (Cmic) (Rinklebe and Langer

2006). The CO2 production of each sample was

measured with an automatic infrared gas analyzer

(Type 225 MK3, Analytical Development Com-

pany, Hoddesdon, Great Britain) in an air flushed

incubation device developed by Heinemeyer and

others (1989). The CO2 production was then

averaged over four internal replicates of each

sample. This CO2 production can be used to esti-

mate the microbial biomass and to calculate two

microbial ecophysiological indicators, the metabolic

quotient (qCO2) and the Cmic/Corg ratio (Anderson

and Domsch 1973; Anderson 1985; Anderson

2003). The qCO2 was determined as the ratio of BR

(lg g soil-1 h-1 CO2–C) to Cmic (lg g soil-1). The

Cmic/Corg ratio was calculated by dividing Cmic (lg)

by percent soil organic carbon (Corg) (Rinklebe and

Langer 2006; Bausenwein and others 2008).

Vegetation Structure and Measurement
of Tree Traits

The surveys on vegetation inventory included tree

species richness, proportion of rare adult species,

tree biomass (basal area, m2), percent tree layer

cover (Treelayer), percent shrub layer cover, per-

cent herb layer cover, percent litter cover, percent

deadwood cover, percent open soil cover, percent

rock cover, tree (height >1 m) species composi-

tion, and chemical composition of leaf litter (C/N

ratio). The surveys on tree and shrub layer char-

acteristics refer to the whole plot size of

30 9 30 m2 whereas non-woody herb layer species

richness, woody plant biomass (height <1 m, g),

non-woody herb layer biomass (g) and herb species

composition were assessed in a central 10 9 10 m2

subplot in every CSP. For more detailed informa-

tion about the plant characteristics and understory

vegetation description refer to Bruelheide and

others (2011) and Both and others (2011).

Statistical Analysis

All statistical analyses were conducted with R and

the Vegan package (Oksanen and others 2006; R

Development Core Team 2008). Non-metric

multidimensional scaling (NMDS) analysis, using

Y. T. Wu and others
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Bray–Curtis dissimilarity (Ramette 2007), was used

to classify the microbial communities and relate

microbial community structure to plot, soil, and

plant community characteristics. We calculated

two sets of data for NMDS analyses, including

either all soil horizons or only the uppermost A

horizon. In each set, we carried out three separate

NMDS analyses: (1) Cmic and microbial activity, (2)

lipid abundance, and (3) lipid relative abundance.

For the Cmic and activity analysis, BR, Cmic, and

qCO2 were used as response variables. Lipid NMDS

analyses were based on PLFA abundance (nmol g-1

soil) or relative abundance (arcsin transformed mol

fraction) data with lipids present at more than

0.5 mol% (mol fraction 9 100). Wisconsin double

standardization, where species are first standard-

ized by species maxima and then sites are stan-

dardized by site total, was applied to square root

transformed relative abundance data. Default

options were used for scaling, so that one unit

means halving of community similarity from rep-

licate similarity. Species scores gained from lipid

composition were added as weighted averages.

We utilized a wide array of abiotic soil and

forest community characteristics for a subsequent

multiple regression of our NMDS analysis. Cor-

respondence analysis (CA) was used to reduce

the information on tree and herb species com-

position. The CA site scores of the first two axes

of either analysis were used in further calcula-

tions. We also included tree and herb species

composition as additional variables. The variables

describing plot characteristics (age class and ele-

vation), plant communities (tree species richness,

cover of the different layers, proportion of rare

adult species, tree biomass (m2), herb layer bio-

mass (g), woody plant biomass (height <1 m)

(g), herb species richness, C/N ratio of leaf litter,

and CA scores (CAI and CAII) of herb and tree

species composition), and soil characteristics

(percent sand, percent silt, percent clay, percent

Corg, percent Ntot, pHH2O; and C/N) were used as

a second matrix for post-hoc correlations with

axes 1 and 2 of the lipid composition NMDS

analysis. The significance of all post-hoc correla-

tions was assessed using permutation tests

(n = 999) (McCune and Grace 2002). The signif-

icant plant community variables extracted from

the NMDS analysis were related to individual

microbial groups using linear regressions. The

values of the percent deadwood cover and the

relative abundance of the individual microbial

groups were loge transformed for the linear

regression, because the loge–loge relationship was

found to be more significant.

RESULTS

The Soil Environment, Microbial
Biomass, and Lipid Composition

The abiotic soil features and microbial parameters

of the A horizon (Appendix Table 1a in Supple-

mentary material) across the 12 CSPs did not show

significant relationships across stand age classes

based on ANOVA analysis (Appendix Table 2 in

Supplementary material). The values for Cmic

measured by SIR in the A horizon ranged between

102 and 398 (lg g soil-1 Cmic); total PLFA in the A

horizon ranged between 42.5 and 7.5 (nmol)

(Appendix Table 1b in Supplementary material).

Across the soil profile, both microbial lipid com-

position and Cmic decreased with depth, as did Corg

and Ntot (Appendix Table 1a in Supplementary

material). In the NMDS that included all soil hori-

zons, several of these soil variables were signifi-

cantly related to microbial lipid composition and

Cmic components (Table 1). Soil pH was signifi-

cantly related to Cmic and microbial activity

(Table 1). Except the A horizon, the depths and

characteristics of the other horizons across plots

were heterogeneous, and thus were only analyzed

for these general trends.

Correlations Between the Microbial
Community and Forest Plant and Soil
Characteristics in Surface Soil

In the second set of NMDS analyses confined to the

upper soil horizon (A), only lipid abundance and

lipid relative abundance showed significant rela-

tionships to environmental or plant community

variables (Table 2), whereas Cmic and microbial

activity did not (data not shown).

Post-hoc correlations on the lipid abundance

NMDS showed that all indicator lipids significantly

explained variation in the NMDS scores (Table 2a).

All microbial indicator lipids and total PLFA abun-

dance except the fungal indicator were significantly

correlated with both NMDS axes (Figure 1A). AMF

had the highest positive correlation with NMDS

axis 1 (Table 2a). In contrast, general fungi showed

the highest negative correlations with NMDS 2.

Among all plot, plant community and soil charac-

teristics, percent litter cover was the most signifi-

cant variable related positively to both NMDS axes

in the post-hoc correlations (P = 0.001). Deadwood

cover was negatively correlated with NMDS axis 1

(P = 0.03), whereas pHH2O was negatively corre-

lated with NMDS axis 2 (P = 0.006) (Table 2a).

Post-hoc correlations on the lipid relative abun-

dance NMDS analysis showed that only three

Relationships Between Soil Microorganisms, Plant Communities, and Soil Characteristics
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microbial groups explained variation in the NMDS

scores (Table 2b; Figure 1B). Indicator lipids repre-

senting AMF, Gram+, and Gram- were correlated

negatively with NMDS scores of the relative abun-

dance. Here, Gram+ had the highest scores on NMDS

1 and the lowest on NMDS 2; AMF had the highest

scores on NMDS 2. Post-hoc correlations of plot, plant

community, and soil characteristics showed that

percent litter cover was the most significant variable

related positively to the NMDS scores (P = 0.01),

similar to the biomass NMDS analysis. Percent tree

layer cover was significantly related negatively to

NMDS axis 2 with P = 0.02. Although percent tree

layer cover decreased significantly across the age

classes using ANOVA analysis (P = 0.004), there was

no correlation between age classes and the microbial

relative abundance (Table 2b).

Further analysis showed that important plant

community variables (loge percent deadwood cover

and percent litter cover) were differentially related

to the abundance (nmol g-1 soil) and relative

abundance (percent mol) of individual lipid indi-

cators across CSPs (Figure 2A, B). Logarithmic

relationships best described the relationship

between deadwood cover and lipid indicators. Loge

deadwood cover was negatively related to loge

AMF (I), loge Gram- (II), loge general fungal (III),

loge actinobacteria (IV), loge Gram+ (V), and loge

total PLFA (VI) abundance (Figure 2A). Percent

litter cover was marginally significantly correlated

positively with AMF indicator biomass (P = 0.06)

(data not shown), but was more significantly

related to AMF (I), Gram- (II), and Gram+ (III)

indicator relative abundance (Figure 2B). Percent

tree layer cover and pHH2O were not correlated to

individual lipid indicators (data no shown).

DISCUSSION

The microbial community structure from this study

appeared to have similar trends as other reported

research. We found slightly higher lipid abun-

dance, but similar soil characteristics, than has been

reported previously from the same province in

China (Wu and others 2009). Differences in PLFA

abundance were therefore attributable to method-

ological differences. The lipid abundance measured

in this subtropical forest is much lower than that

reported from the tropics, but with a similar dom-

inance of bacterial versus fungal lipid indicators

(Carney and Matson 2006; Ushio and others 2008).

Bacteria have a close relationship with nutrient

cycling and availability, and it has been shown that

the proportion of Gram- bacteria is positively

correlated with forest soil N mineralization rates

(Ingham and others 1985; Smithwick and others

2005; Fraterrigo and others 2006). Thus, bacterial

dominance could reflect the high N mineralization

rates at our study sites (data not shown).

Across the study plots, we found that Cmic and

microbial activity decreased with depth in close

correlation with the soil profile. This is an expected

result and similar patterns have been well docu-

mented in Chinese tropical (Yang and Insam 1991;

Mao and others 1992), subtropical (Zhang and Zak

1995), Mediterranean (Fierer and others 2003),

and temperate ecosystems (Bausenwein and others

2008). Although pre-stored samples were used for

the SIR analysis, which might only reflect the

organisms that quickly recovered during the pre-

incubation, our objective was only to compare

relative differences between the study plots.

Despite this potential bias, our findings were quite

Table 1. NMDS Analysis Across Soil Horizons

Variables Microbial biomass Relative abundance Microbial activity (SIR)

NMDS1 NMDS2 r2 P NMDS1 NMDS2 r2 P NMDS1 NMDS2 r2 P

Horizons 0.852 0.523 0.672 0.001*** 0.762 -0.648 0.791 0.001*** -0.447 -0.894 0.780 0.001***

Organic C (%) -0.767 -0.642 0.294 0.001*** -0.762 0.648 0.530 0.001*** 0.450 0.892 0.534 0.001***

Total N (%) -0.812 -0.584 0.252 0.006** -0.783 0.623 0.455 0.002** 0.463 0.885 0.486 0.001***

Cmic/Corg -0.673 -0.739 0.085 0.234 -0.714 0.701 0.155 0.039* 0.999 -0.017 0.402 0.001***

C/N -0.708 -0.706 0.432 0.001*** -0.668 0.744 0.432 0.001*** 0.390 0.920 0.320 0.001***

pHH2O 0.917 -0.399 0.078 0.262 0.971 0.240 0.064 0.321 0.076 -0.997 0.242 0.008**

Sand (%) -0.639 0.769 0.034 0.532 -0.980 -0.197 0.034 0.561 0.626 -0.779 0.017 0.738

Silt (%) -0.120 -0.993 0.070 0.267 -0.015 1.000 0.049 0.427 0.466 0.884 0.040 0.491

Clay (%) 0.796 0.605 0.136 0.063. 0.786 -0.618 0.142 0.075. -0.973 -0.229 0.151 0.049*

.P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001
Correlation coefficients between soil characteristics and microbial lipid composition [either biomass (stress = 7.92, a stable solution was found on average after five random
starts) or relative abundance (stress = 13.9, after three random starts)], or microbial biomass carbon and activity (stress = 2.31, after two random starts), with the first and
second axis of NMDS analysis. r2 shows the proportion of variance explained and asterisks indicate the significance of the correlation, based on a post-hoc permutation test of
(n = 999).
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similar to those of two studies by Mao and others

(1992) and Yang and Insam (1991), which also

analyzed microbial biomass with SIR methods in

Chinese tropical forests.

The Relationship Between Above
and Belowground Biomass
and Community Structure

Among a large number of forest biotic and abiotic

characteristics, indices of forest productivity (tree

layer cover, litter cover, and deadwood cover) were

most correlated with soil microbial biomass and

microbial community structure. Leaf litter is an

important source of soil nutrients (McTiernan and

others 1997) and it is therefore logical that there is

more microbial growth with more litter fall. The

percent tree layer cover, or tree canopy cover, is

another index of forest productivity based on the

linear relationship between aboveground dry

weight and tree volume (cm3; Cannell 1984). The

relationship between plant productivity and

microbial biomass has been suggested by several

studies and may be used to explain the spatial

Table 2. NMDS Analysis Based on A Horizon Soils

Plot characteristics

(abbreviation in Figure 1)

(a) Microbial biomass (b) Relative abundance

NMDS1 NMDS2 r2 P NMDS1 NMDS2 r2 P

Forest age class -0.302 0.953 0.185 0.384 -0.535 0.845 0.135 0.533

Elevation -0.576 0.817 0.157 0.450 -0.754 0.657 0.158 0.457

Plant community

Tree species richness -0.886 -0.464 0.017 0.924 -0.999 0.048 0.041 0.811

Tree layer cover (%) (Treelayer) 0.179 -0.984 0.467 0.065. 0.562 -0.827 0.560 0.027*

Shrub layer cover (%) -0.015 -1.000 0.336 0.130 0.041 -0.999 0.040 0.832

Herb layer cover (%) 0.764 -0.646 0.052 0.790 0.663 -0.748 0.028 0.880

Proportion of rare adult species 0.033 0.999 0.031 0.857 -0.266 0.964 0.064 0.743

Tree biomass (m2) -0.238 0.971 0.198 0.356 -0.481 0.876 0.141 0.508

Herb layer biomass (g) 0.409 0.913 0.012 0.959 0.020 -1.000 0.031 0.867

Deadwood cover (%) (Deadwood) -0.998 0.067 0.461 0.036* -0.725 -0.689 0.314 0.201

Litter cover (%) (Litter) 0.669 0.743 0.840 0.001*** 0.535 0.845 0.676 0.010**

Opensoil cover (%) -0.965 0.264 0.129 0.533 -0.929 -0.370 0.162 0.453

Rock cover (%) 0.267 -0.964 0.085 0.730 0.950 0.313 0.092 0.596

Woody plant biomass (<1 m) (g) 0.161 -0.987 0.404 0.090. 0.557 -0.831 0.281 0.221

Herb species richness 0.385 -0.923 0.098 0.616 0.775 -0.632 0.159 0.486

C/N of leaf litter 0.554 0.832 0.072 0.735 0.124 -0.992 0.084 0.691

Scores (CAI) of herb species composition 0.994 -0.108 0.111 0.593 0.998 0.060 0.089 0.652

Scores (CAII) of herb species composition 0.831 -0.557 0.038 0.857 -0.275 0.961 0.024 0.884

Scores (CAI) of tree species composition -0.448 0.894 0.125 0.556 -0.834 0.551 0.110 0.595

Scores (CAII) of tree species composition 0.996 0.093 0.211 0.347 0.998 0.063 0.431 0.061.

Soil characteristics

Sand (%) 0.847 0.531 0.029 0.874 0.618 -0.786 0.033 0.885

Silt (%) -1.000 -0.003 0.077 0.699 -0.884 0.467 0.052 0.769

Clay (%) 0.327 -0.945 0.020 0.912 0.169 0.986 0.030 0.869

Corg (%) -0.615 -0.789 0.054 0.787 -0.541 -0.841 0.013 0.944

Ntot (%) -0.342 -0.940 0.066 0.732 -0.087 -0.996 0.017 0.920

pHH2O -0.226 -0.974 0.698 0.006** -0.135 -0.991 0.473 0.054.

C/N 0.211 0.977 0.125 0.558 -0.082 0.997 0.062 0.764

Microbial groups (Indicator lipid)

AMF (16:1x5c) 0.554 -0.833 0.799 0.001*** -0.533 -0.846 0.690 0.002**

Fungi (18:2x6,9) 0.200 -0.980 0.430 0.067. 0.535 0.845 0.257 0.251

Gram+ (i15:0) 0.500 -0.866 0.785 0.001*** -0.939 -0.344 0.916 0.001***

Gram- (16:1x7c) 0.494 -0.870 0.829 0.001*** -0.828 -0.560 0.748 0.001***

Actinobacteria (10Me16:0) 0.502 -0.865 0.790 0.001*** -0.503 -0.864 0.024 0.894

Total PLFA 0.401 -0.916 0.806 0.001***

.P < 0.1, *P < 0.05, **P< 0.01, ***P< 0.001
Correlation coefficients between plot characteristics, plant community characteristics, soil characteristics, and lipid abundance of functional groups with the first and second axis
of microbial lipid NMDS scores based on (a) biomass (stress = 4.37, after one random start) and (b) relative abundance (stress = 8.41, after two random starts) data. r2 shows
the proportion of variance explained and asterisks refer to the significance of the correlation, based on a post-hoc permutation test (n = 999).
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patterning of soil microbial community growth

(Zak and others 1994, 2003; Hooper and others

2000; Johnson and others 2003). This is a logical

relationship in any ecosystem, because plants

(producers) provide both the organic carbon

required for decomposers and the resources for

obligate root-associated organisms (Wardle and

others 2004).

Although woody debris can be an important

microbial carbon source (Clausen 1996; Cornwell

and others 2009), deadwood has lower nutrient

and higher lignin content than litter and it is not

likely to be energetically efficient to decompose

(Polit and Brown, 1996). Our results showed that

deadwood cover had a strong negative correlation

with AMF, general fungi, Gram-, Gram+, actino-

bacteria, and total PLFA abundance. It is possible

that plots with more dead wood could, therefore,

have slower microbial growth and higher mainte-

nance energy because of the high energetic cost of

decomposing woody debris.

We also found significant relationships between

forest characteristics and microbial community

composition. There is growing evidence that plant

functional characteristics such as the amount of

litter fall may be important determinants in struc-

turing soil biotic communities (Hooper and

Vitousek 1997; Johnson and others 2003; Pora-

zinska and others 2003; Bezemer and others 2010).

Litter cover was strongly positively correlated with

the relative abundance of AMF, Gram+, and Gram-

lipid indicators. The quantity of plant resource

inputs through litter influences the abundance of

different fungal and bacterial groups (Wilkinson

and Anderson 2001; Scherer-Lorenzen and others

2007). Specifically, increased AMF hyphal growth

in decomposing plant leaves has been observed,

perhaps taking up the products of decomposition as

they are thought to have no capability of direct

mineralization (Hodge and others 2001). Litter fall

is an important source of soil carbon for bacteria,

and increased plant litter can enhance their abun-

dance (Nottingham and others 2009). The percent

tree layer cover can alter features of the soil habitat

such as light gaps, air temperature, relative

humidity, soil temperature, and soil moisture

(Zhang and Zak 1995; Whelan and Anderson

1996). These differences in microclimate could thus

alter the growth of certain microbial groups better

adapted to those specific conditions. With regard to

soil characteristics, pH was the only significant soil

variable related to microbial biomass. It is well

documented that soil pH can significantly influence

microbial growth and community composition

(Frostegård and others 1993; Högberg and others

Figure 1. NMDS graph of environmental, plant com-

munity, and soil variables across microbial lipid compo-

sition with A biomass or B relative abundance (n = 27,

black crosses; see Table 2) in plots (n = 12, Y young;

M medium; O old). Axes are arbitrary and scaled in units

of Bray–Curtis dissimilarity. The stable solutions were

found after 1 run (stress = 4.37) and 3 runs

(stress = 8.41). The significant environmental variables

(P £ 0.05) were fitted in a post-hoc permutation test

(n = 999). Arrow length refers to the strength of corre-

lation with microbial lipid composition. For the full list of

variables and label abbreviations, see Table 2.
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2007). This also supports the conceptual model by

Prosser and others (2007) that soil community

structure might be primarily determined by over-

arching variables such as soil pH.

Concerning our second hypothesis, we only found

a marginally significant relationship (P = 0.061)

between plant species composition and microbial

community structure. This is in contrast to growing

evidence that plant diversity and specific plant spe-

cies can cause changes in microbial community

structure (Hooper and Vitousek 1997; Carney and

Matson 2006). One possible explanation might be

that our study was performed in undisturbed natural

subtropical forests instead of an experimental system

where the plant species composition and the envi-

ronmental status are less heterogeneous. Moreover,

it could also be that our small sample size limited our

ability to detect subtle relationships between plant

and microbial community structure.

Although we found significant relationships be-

tween the plant community and microbial biomass

and composition, we saw that microbial respiration

and metabolic quotient (qCO2) were only corre-

lated with soil properties. The same phenomenon

has been observed in other studies (Groffman and

others 1996; Johnson and others 2003) where Cmic

was associated more directly with soil type and

nutrient availability than with plant community

characteristics (which indirectly affect soil nutrient

status).

It is possible that we found spurious correlations

because of the multiple testing, but we chose to

explore significant correlations despite this risk of

spurious relationships, partially to help choose

appropriate methods and avenues for further study.

Microbial Community and Forest
Re-Establishment Over Time

One initial goal, the third hypothesis of this study,

was to determine relationships between forest age

class and microbial communities. We found no

correlation between age class and microbial com-

munity biomass and composition, either based on

Figure 2. A Loge percent deadwood cover was correlated with loge AM fungal (I), loge Gram- (II), loge fungal (III), loge

actinobacterial (IV), loge Gram+ (V), and loge total PLFA (VI) biomass (nmol g-1 dw) using linear regression. B Percent

litter cover was correlated with AM fungal (I), Gram- (II) and Gram+ (III) relative abundance (mol%) using linear

regression.
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NMDS analysis or based on ANOVA analysis with

individual microbial biomarkers or total biomass. In

addition, there were no statistically significant

effects of age class on biotic and abiotic parameters

from the A Horizon. In boreal ecosystems, it has

been suggested that forests of different ages did not

have a strong influence on microbial community

structure when compared to site fertility in south-

ern Finland (Pennanen and others 1999). Simi-

larly, we found that forest productivity and

functional forest composition, as opposed to forest

age, were the determinants of microbial commu-

nity structure. This is despite the very different

dynamics between subtropical versus boreal forest

systems. In another study, Moore-Kucera and Dick

(2008) investigated the effects of stand age on

microbial community structure in three forest

stands of different ages (300–500, 25, 8 years) in

the US. Their results suggested that stand age had

an impact on total PLFA and microbial community

structure, but only the oldest and youngest forest

stands were significantly different. The age range of

this study was much larger than ours (‡80 years),

which might explain the stronger significant dif-

ference of microbial communities between the

most extreme stand ages.

CONCLUSIONS

A growing body of research is beginning to show

insights into the effects of plant composition,

growth, or diversity on soil microbial communities.

Here we considered a large array of characteristics

reflecting plant community and soil characteristics

to disentangle which factors are most related to

microbial community biomass and activity in Chi-

nese subtropical forests. From this analysis we

found that it was not forest age per se, but the

quantity of litter, deadwood, and forest productiv-

ity that were most related to microbial biomass and

lipid composition. We also found that microbial

activity may only be directly related to soil type,

nutrient availability and pH. We conclude that,

through site-specific soil features, there is a close

link between subtropical forest productivity, litter

fall, deadwood cover, and the microbial commu-

nity. This suggests that forest community dynamics

may be important determinants of soil microbial

communities.
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