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Abstract Prescribed burning is a common site prepara-
tion practice for forest plantation in southern China.
However, the effects of prescribed burning on soil
microbial communities are poorly understood. This
study examined changes in microbial community struc-
ture, measured by phospholipid fatty acids (PLFAs),
after a single prescribed burning in two paired vegeta-
tion sites in southern China. The results showed that the
total amount of PLFA (totPLFA) was similar under two
vegetation types in the wet season but differed among
vegetation type in the dry season, and was affected sig-
nificantly by burning treatment only in the wet season.
Bacterial PLFA (bactPLFA) and fungal PLFA (fun-
gPLFA) in burned plots all decreased compared to the
unburned plots in both seasons (P = 0.059). Fungi
appeared more sensitive to prescribed burning than
bacteria. Both G+ bacterial PLFA and G� bacterial
PLFA were decreased by the burning treatment in both
dry and wet seasons. Principal component analysis of
PLFAs showed that the burning treatment induced a
shift in soil microbial community structure. The varia-
tion in soil microbial community structure was corre-
lated significantly to soil organic carbon, total nitrogen,
available phosphorus and exchangeable potassium. Our
results suggest that prescribed burning results in
short-term changes in soil microbial communities but

the long-term effects of prescribed burning on soil
microbial community remain unknown and merit fur-
ther investigation.
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Introduction

Prescribed burning is used widely as a forest manage-
ment strategy to prepare sites for seeding or planting,
control tree diseases, improve wildlife habitat, and
reduce the thickness of forest floor and thereby reduce
the risk of stand-replacing wildfire (Schoch and Binkley
1986; Neary et al. 1999; Carter and Foster 2004).
Moderate frequency and intensity fires, such as those
prescribed in forest management, can improve above-
and below-ground ecosystem structure and function,
and help maintain the biodiversity and ecological bal-
ance of forest ecosystem, but prescribed burning may
have important impacts on belowground ecosystem
structure, functions and processes (Neary et al. 1999;
Certini 2005). Besides the reduction or elimination of
aboveground biomass, soil physical, chemical and bio-
logical properties are affected to a greater or lesser extent
depending on the severity and duration of fire (Certini
2005). In general, soil structure and texture are de-
stroyed, and soil organic matter, nitrogen and soil
microbial activity are decreased (Gundale et al. 2005;
Swallow et al. 2009).

Eucalyptus, a fast-growing species, is planted widely
for wood production in southern China. However, the
planting of Eucalyptus is a controversial issue regarding
soil fertility, soil biodiversity and understory plant
diversity (Cao et al. 2010). Prescribed burning is a
common management practice to prepare sites for
Eucalyptus planting in southern China. Prescribed
burning has been shown to affect soil microbial activity
and function (Pietikäinen and Fritze 1993; Bååth et al.
1995; Staddon et al. 1998; Hamman et al. 2008; Ponder
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et al. 2009). It is suggested that the short-term effect of
prescribed fire on soil microorganisms is a result of
direct heating to soil, while long-term effects might be
caused indirectly through changes to soil physical and
chemical properties and the alteration of post-fire plant
community composition (Neary et al. 1999; Hart et al.
2005). Burning effects on soil microbes are greatest in the
top soil layers where microbial communities are most
abundant (Neary et al. 1999). High temperature through
soil heating can kill most microorganisms immediately.
For instance, immediately after a fire in a stand of Pinus
spp, microbial biomass was decreased drastically in the
surface soil (0–5 cm) and reduced by 50% in the sub-
surface zone (5–10 cm) (Prieto-Fernández et al. 1998).
Other literature also reports the direct effects of pre-
scribed burning on soil microbial communities (DeBano
et al. 1998; Certini 2005; Ponder et al. 2009), but the
indirect effects of prescribed fire on soil microorganisms
through changes in vegetation community composition
and soil environmental conditions are poorly under-
stood.

In the present study, we examined the effects of pre-
scribed burning on soil microbial community structure
in two paired vegetation sites (Shrubland vs Eucalyptus
urophylla plantation) in the dry and wet season, south-
ern China. Our objectives were: (1) to evaluate the
indirect effects of prescribed burning on soil microbial
community through alterations in soil chemical proper-
ties; and (2) to determine whether changes in microbial
community structure are related to fire-induced altera-
tions in soil chemical properties.

Materials and methods

Site description

The experimental site is located at the Heshan Hilly
Land Interdisciplinary Experimental Station (112�54¢E,
22�41¢N), Chinese Academy of Sciences (CAS) in
Guangdong province, China, which is one of the core
stations of the Chinese Ecosystem Research Network
(CERN). The site was established in March 2005 and
occupies an area of 50 ha, and has 14 different forest
types (monoculture, mixed, native plantations) or man-
agement strategies (burning, clear-cutting and fertiliz-
ing) with three replicates each. The average elevation of
the area is 80 m. The climate is subtropical monsoon
with an annual mean rainfall of 1,700 mm and evapo-
ration of 1,600 mm. This area has distinct seasonal dif-
ferences, with a wet season from April to September and
a dry season from October to March. The average
rainfall in wet season and dry season are about
1,400 mm and 300 mm, respectively. The mean annual
temperature is 21.7�C, with a mean monthly maximum
temperature of 29.2�C in July and a mean monthly
minimum temperature of 12.6�C in January. The soil
type is acrisol developed from sandstone with a pH of
around 4.0.

Field design and soil sampling

Prescribed burning of moderate intensity was conducted
to prepare sites for planting in March 2005. The prior
vegetation type is shrubland after logging all trees (Pinus
elliotti). All the vegetation in the experimental site was
slashed. Logging residues were left on the stand in the
unburned plots but were burned in the burned plots.
Eucalyptus urophylla seedlings were planted in both
treatment plots at a spacing of 2 · 3 m, at a density of
about 1,600 trees in each hectare, but plant community
in shrubland restored naturally. Two paired vegetation
sites (shrubland vs Eucalyptus plantation) were selected
for this study about 3 years after burning. Thus, our
study has the following four treatments: burned shrub-
land and unburned shrubland, burned Eucalyptus uro-
phylla plantation, unburned Eucalyptus urophylla
plantation. Each treatment has three replicate plots with
an area of 1 ha for each plot. The plots were arranged in
a randomized block design. The average height and
diameter at breast height of E urophylla trees were about
11.9 m and 9.1 cm, respectively, during the study period
(Chen et al. 2009). The understory vegetation was sim-
ilar before the Eucalyptus was planted in the plantation
sites. The dominant species of understory vegetation
were Dicranopteris dichotoma, Rhodomyrtus tomentosa,
Baeckea frutescens, Clerodendron fortunatum, Trema
tomentosa. However, the composition of understory
vegetation in the plantation sites changed 3 years after
planting as it became dominated by Dicranopteris
dichotoma (>90% coverage) with other species fading
out.

Soil samples from a depth of 0–10 cm were collected
from burned and unburned plots in shrubland and
Eucalyptus urophylla plantation using a soil corer (50 cm
in diameter). In each plot, three composite soil samples
were collected from three blocks (upper, middle and
lower slope) in December 2007 (dry season) and July
2008 (wet season), respectively. Each composite sample
was bulked from five random soil cores of the same
block. All soils were sieved immediately with a sieve of
2 mm diameter and stored at �20�C until microbial
community analysis. Basic soil physical and chemical
data of each treatment plots were reported by Sun et al.
(2009) and are summarized in Table 1.

Microbial community analysis

Soil microbial community structure was determined by
phospholipid fatty acids (PLFAs) analysis. The lipid
extraction procedure followed the method described by
Bossio and Scow (1998). Briefly, 8 g dry-weight-equiv-
alent of fresh soil subsamples was extracted in 23 ml
extraction mixture containing chloroform:metha-
nol:phosphate buffer (1:2:0.8, v/v/v). The extraction was
transferred to a separatory funnel after centrifugation
and allowed to separate overnight. The chloroform layer
was collected and dried under N2 at 32�C. Lipids were
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redissolved in chloroform and fractionated on a 0.5 g
silica gel solid-phase extraction column (Supelco, Belle-
fonte, PA). Neutral and glycol lipids were eluted by 5 ml
chloroform, followed with 10 ml acetone. Polar lipids
were eluted by 5 ml methanol, dried under N2 at 32�C
and then subjected to a mild-alkali methanolysis to
recover the PLFA as methyl esters. Fatty acid methyl
esters were dissolved in 200 ll hexane solvent containing
nonadecanoic acid methyl ester (19:0) as an internal
standard, and were analyzed with an Agilent 6890 Gas
Chromatograph (Agilent Technologies, Palo Alto, CA)
equipped with a flame ionization detector, using N2 as
the carrier gas, H2 and air to support the flame. The GC
capillary column was an Ultra 2 (25 m · 0.2 mm id ·
0.33 lm film thickness), crosslinked 5% phenyl methyl
silicone. A 2 ll injection of the above dilution with a
1:50 split was employed at 250�C for the injector and
300�C for the detector. The oven temperature ramped
from 170�C to 300�C at 5�C min�1 and held for 12 min.

Peaks were identified using bacterial fatty acid standards
and MIDI peak identification software (MIDI, Newark,
DE). The fatty acid nomenclature used was described by
Zelles (1999). Total microbial biomass was estimated
from the sum of all the extracted PLFAs. Bacterial
biomass was estimated from the summed concentrations
of the following PLFAs: i15:0, a15:0, 15:0, i16:0, 16:1x9,
16:1x7, 16:1x5c, i17:0, a17:0, cy17:0, 16:1 2OH, 18:1x7,
18:0, cy19:0 (Frostegård and Bååth 1996; Bossio and
Scow 1998; Myers et al. 2001; Smithwick et al. 2005;
Hamman et al. 2007). Fungal biomass was estimated
from the concentrations of the biomarkers 18:2x6c
(Bååth et al. 1995), 18:3x6c (Hamman et al. 2007),
18:1x9c (Myers et al. 2001; Smithwick et al. 2005),
20:1x9c (Swallow et al. 2009). Gram-positive bacteria
were represented by the sum of PLFAs: i15:0, a15:0,
i16:0, i17:0, a17:0 (Zogg et al. 1997; Klamer and Bååth
1998; Fraterrigo et al. 2006). Gram-negative bacteria
included 16:1x7c, cy17:0, 18:1x7t, cy19:0 (Myers et al.
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Fig. 1 Total phospholipid fatty
acids concentrations (totPLFA) of
unburned and burned plots in
shrubland and Eucalyptus
plantation. Error bars One
standard error

Table 1 Selected physical and chemical characteristics of soils in shrubland and Eucalyptus plantation at Heshan Station, southern China
(Sun et al. 2009)

Variables Shrubland Eucalyptus plantation

Unburned Burned Unburned Burned

pH 4.17 ± 0.05 4.09 ± 0.01 4.03 ± 0.02 a 3.95 ± 0.02 b
Soil organic carbon (g kg�1) 19.0 ± 2.1 18.1 ± 2.4 23.5 ± 3.2 a 14.5 ± 2.1 b
Total nitrogen (g kg�1) 0.59 ± 0.03 0.62 ± 0.05 0.72 ± 0.06 a 0.52 ± 0.04 b
C/N 31.6 ± 2.4 28.4 ± 1.9 31.6 ± 1.8 26.5 ± 2.5
Total phosphorus (g kg�1) 0.33 ± 0.05 0.23 ± 0.06 0.25 ± 0.03 0.23 ± 0.02
Available phosphorus (mg kg�1) 1.67 ± 0.45 1.42 ± 0.29 2.18 ± 0.63 0.95 ± 0.20
Exchangeable potassium (mg kg�1) 29.7 ± 4.3 28.7 ± 1.9 36.2 ± 3.6 a 23.2 ± 2.3 b
Exchangeable magnesium (mg kg�1) 13.4 ± 0.8 13.7 ± 0.4 13.7 ± 0.7 12.2 ± 0.3
Exchangeable calcium (mg kg�1) 29.0 ± 1.8 b 48.3 ± 5.4 a 57.9 ± 3.0 55.6 ± 0.9

Data are expressed as means ± SE (n = 9)
Values followed by a different letter are significant at P < 0.05
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2001; Wilkinson et al. 2002). The ratios of fungi/bacteria
and G+/G� were calculated from the above PLFAs.

Statistical analysis

Microbial biomass calculated from PLFA and ratios
were subjected to a two-way analysis of variance
(ANOVA), with treatment, vegetation type and their
interaction as factors. Thirty PLFAs indicative of soil

microorganisms were detected and identified to perform
principal component analysis (PCA) and data (percent)
were log transformed. All data were analyzed with SPSS
Version16.0 (SPSS, Chicago, IL). Redundancy analysis
(RDA) was used to test the relationship between soil
microbial community (30 PLFAs) and environmental
variables. The RDA was performed using Canoco, ver-
sion 4.5. Significance was tested using Monte Carlo
permutation tests (999 permutations). All statistical
significance was accepted at P < 0.05.
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Results

Responses of soil microbial community
to prescribed burning

The burning treatment decreased totPLFA in shrubland
and Eucalyptus plantation in both seasons (P = 0.053).
The vegetation type showed significant effects on tot-
PLFA in the dry season (P < 0.05), but no effects in the
wet reason (Fig. 1; Table 3). BactPLFA was significantly
higher in Eucalyptus plantation than in shrubland in the
dry season regardless of burning (P < 0.05), but no
difference was found in the wet season (Fig. 2; Table 3).
Both bactPLFA and fungPLFA were decreased by
burning regardless of season (Fig. 2). Compared to
unburned treatment, bactPLFA and fungPLFA were
reduced by 18–36 and 38–55%, respectively (Fig. 2). In
all cases, bactPLFA was the main component of tot-
PLFA. G+ bacterial PLFA was significantly lower in
shrubland than in Eucalyptus plantation in the dry season
regardless of burning (P < 0.05), but no difference was
found in wet season. Both G+ PLFA andG� PLFAwere
decreased by burning regardless of season; but G� PLFA
showed a more pronounced response (Fig. 3, Table 3).
Prescribed burning significantly decreased the fungal-to-
bacterial ratio in the wet season (P < 0.05) but had no
significant effect in the dry season. The G+: G� ratio
tended to increase after burning in both seasons except for
Eucalyptus plantation in the wet season (Table 2).

Analysis of main factors affecting
soil microbial community

PCA of the PLFA data from shrubland and Eucalyptus
plantation revealed that the shifts in microbial commu-
nity structure were due either to the burning treatment
or to the season of sampling (Fig. 4a). The first two
principal components accounted for 59% of the total
variation in PLFA patterns. PC1 explained 39% of the
variation and discriminated the samples in burned plots
from those in unburned plots (along PC1, P < 0.01
from AVOVA). The soils in burned plots were clustered

to the left and the soils in unburned plots to the right of
the origin (Fig. 4a). The loadings of individual PLFAs
showed that the samples in unburned plots were
characterized mainly by high concentrations of the iso-
branching PLFAs (i16:0, i17:0, i15:0) normally corre-
lated with Gram-positive bacteria, while the samples in
burned plots were represented by monounsaturated
PLFAs (19:1x9c, 17:1x8c, 15:1x7c) (Fig. 4b). Thus,
lower values in burned plots with regard to unburned
plots were found for the PLFAs 18:0, i16:0, 16:1 x5c,
i17:0, 18:1x9c and i15:0, while relatively higher values
were found in the burned plots compared to unburned
plots for the PLFAs 19:1x9c, 17:1x8c and 15:1x7c
(Fig. 4b). PC2, separating wet season from dry season
(along PC2, P < 0.01), accounted for only 20% of the
variation. The samples from the dry season were located
mainly at the lower section of the second axis, while
samples from the wet season were mainly on the upper
section of the second axis (Fig. 4a). Higher values in the
wet season along PC2 were the hydroxyl PLFAs (11:0
3OH, 11:0 2OH, 13:0 3OH). Anteiso branching PLFAs
(a14:0, a13:0, a17:0, a15:0) received high negative
weights on PC2 (Fig. 4b).

Correlations between soil microbial
community and soil chemical properties

The correlations between soil microbial community and
soil chemical properties were analyzed by RDA (Fig. 5).
Nine soil variables, including pH, soil organic carbon
(SOC), total nitrogen (TN), soil C:N ration (C/N), total
phosphorus (TP), available phosphorus (AP), exchange-
able potassium (K); magnesium (Mg) and calcium (Ca),
explained 39.2% of the variation in soil microbial com-
munity structure (eigenvalue = 0.392, F = 1.861,
P = 0.002). The variations in PLFA profiles were closely
correlated to TN (F = 3.648,P = 0.002), K (F = 3.533,
P = 0.003), SOC (F = 2.746, P = 0.019), and AP
(F = 2.287, P = 0.038). Most variation was explained
by axis 1 (eigenvalue = 0.207, F = 6.791, P = 0.008).
Axis 1 was highly correlated with AK and AP. Axis 2
illustrated 67% of the variation in PLFA profiles, and
correlated strongly to TN and SOC.

Table 2 Ratios of fungal and bacterial phospholipid fatty acids (fungPLFA/bactPLFA) and Gram-positive and Gram-negative (G+/G�)
PLFA in shrubland and Eucalyptus plantation

Variables Shrubland Eucalyptus plantation

Unburned Burned Unburned Burned

Dry season
FungPLFA/BactPLFA 0.18 ± 0.01 0.18 ± 0.04 0.14 ± 0.02 0.08 ± 0.02
G+/G� 2.10 ± 0.30 2.28 ± 0.46 1.83 ± 0.11 1.93 ± 0.13
Wet season
FungPLFA/BactPLFA 0.18 ± 0.01 0.15 ± 0.02 0.18 ± 0.01 0.14 ± 0.01
G+/G� 2.33 ± 0.52 2.71 ± 0.43 1.85 ± 0.12 1.59 ± 0.09

Data are expressed as means ± SE (n = 9)
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Discussion

Prescribed burning decreased soil microbial biomass and
altered microbial community structure in both shrub-
land and Eucalyptus plantation in the present study
(Figs. 1, 2, 3, 4; Table 3), which was consistent with
findings from other studies (Bååth et al. 1995; Campbell
et al. 2008; Swallow et al. 2009). Bååth et al. (1995)
observed that totPLFA was decreased by 35% in a Scots
pine stand in Central Finland 2 years after prescribed
burning compared to the control. Similarly, Campbell
et al. (2008) found that totPLFA was reduced by 50%
2 years after burning compared to the control in a wet
sclerophyll forest. Swallow et al. (2009) found that
soil microbial biomass in burned sites was reduced
significantly compared to unburned sites in a boreal

mixedwood forest in northwestern Alberta. However,
Ponder et al. (2009) found totPLFA was not affected by
burning treatment in an upland Missouri Ozark forest
after two annual prescribed burnings. Hamman et al.
(2007) observed that soil microbial biomass estimated by
total concentration of EL-FAMEs did not change with
either low- or high-severity burning, but there was a shift
in total community structure in a ponderosa pine/slim-
stem muhly forest in central Colorado over a period of
3 weeks after burning. It was reported that burning
could directly change the soil microbial biomass by
transferring heat into soil, and that process was transient
(Neary et al. 1999; Certini 2005), but in our study soil
microbes were determined 3 years after prescribed
burning and the direct heat-induced effect may have
gone. It was also suggested that the decrease in microbial
biomass by burning may be associated with an increase
of pH (Bååth et al. 1995); however, this would not ex-
plain our results since pH was decreased by burning in
the present study. We considered that the lower quality
of soil substrates in our burned plots was the main
reason why there was less microbial biomass in burned
plots than in unburned plots. PLFA analysis showed
that prescribed burning caused a more pronounced
reduction in fungal biomass than in bacterial biomass
(Fig. 2), indicating a shift in soil microbial community
structure. This shift became evident when the PLFAs
from different treatments were compared using PCA

Fig. 5 Redundancy analysis (RDA) of PLFA profiles for soil
samples used 30 PLFAs as species and nine environmental
parameters. Vectors represent environmental variables. SOC Soil
organic carbon, TN total nitrogen, C/N C:N ratio, TP total
phosphorus, AP available phosphorus. Open triangles Unburned
shrubland, closed triangles burned shrubland, open circles un-
burned Eucalyptus plantation, filled circles burned Eucalyptus
plantation

Fig. 4 Principal component analysis (PCA) of PLFAs showing
score plot and loading plot for the individual PLFA of soil samples
in shrubland and Eucalyptus plantation. Red wet season, black dry
season, open triangles unburned shrubland, closed triangles burned
shrubland, open circles unburned Eucalyptus plantation, filled
circles burned Eucalyptus plantation
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(Fig. 4). This response may have been associated with
soil nutrients and substrate availability.

In our study, bactPLFA were lower in burned plots
than in unburned plots. This response may have cor-
related with poor nutrient availability due to burning.
Joergensen and Wichern (2008) reported that bacteria
have low substrate use efficiency and occur mainly in
nutrient-rich and alkaline/saline soils. In general, soil
fungi are higher in forest A horizons and litter layers,
and are favored by recalcitrant organic materials and
high C/N ratio in soil (Blagodatskaya and Anderson
1998; Högberg et al. 2007). Prescribed burning reduced
the thickness of the forest floor and caused a low C/N
ratio. This may partly explain the lower fungPLFA in
burned plots. In addition, ectomycorrhizal fungi, an
important component of the fungal community, can be
destroyed easily by burning with a subsequent slow
recolonization rate (Bååth et al. 1995). The burning
treatment caused a more pronounced reduction in
fungal biomass than in bacterial biomass (Fig. 2). This
showed that soil fungi were more sensitive to burning
than bacteria (Campbell et al. 2008). The ratio of
fungPLFA to bactPLFA was commonly used as an
index to show the relative content of fungi and bacteria
in the microbial community (Cao et al. 2010). In the
present study, the ratios of fungPLFA to bactPLFA
were low in the burned plots, further indicating that the
burning treatment affected soil fungi more than bac-
teria. This was consistent with the findings of other
studies (Bååth et al. 1995; Dı́az-Raviña et al. 2006;
Campbell et al. 2008).

Prescribed burning caused a reduction in both G+

and G� bacterial biomass when compared to unburned
soils in the present study. In general, the biomass of
G+ bacteria was higher than that of G� bacteria in
both shrubland and Eucalyptus plantation whether
they were burned or not (Fig. 3). Some other studies
also found greater abundance of G+ bacterial biomass
in burned soils, and considered high G+ bacterial
biomass to be associated with the high availability of
substrate from dead microorganisms or organic matter
solubilized by burning (Yeager et al. 2005; Dı́az-Rav-
iña et al. 2006). In contrast, the reasons for the
reduction in our study might be reduced soil organic
matter and soil nutrients as discussed below.

PCA analysis showed that the season of sampling
also affects the observed soil microbial community
structure, as indicated by PLFA pattern (Fig. 4). Bac-
tPLFA, fungPLFA, G+ and G� bacterial PLFA were
higher in the wet season than in the dry season for both
vegetation types (Figs. 2, 3). In southern China, the
wet period (from April to September) is characterized
by rain and high temperature. The litter layer was di-
rectly exposed to these environmental conditions due
to understory reduction by burning. More nutrients
returned to mineral soils through the rapid decompo-
sition of litter, which can affect the microbial commu-
nity. By altering rates of transpiration and evaporation
and eliminating interception of precipitation due to T
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burning, soil water regimes may directly change the
composition and the activity of soil microbes (Boyle
et al. 2005).

Jiménez Esquilı́n et al. (2007) reported that soil
microbial communities were similar between edge and
center pile soils 15 months after burning, but were dif-
ferent from those in unburned soils. They considered that
the changes in microbial community structure were
probably the post-fire effects of vegetative dynamics,
altered C and nutrient availability or other soil physico-
chemical properties. Changes in vegetative community
structure after fire have the potential to become the
dominate driver of soil microflora (Hart et al. 2005). The
decrease in organic matter input by changing plant pro-
ductivity and vegetative composition after prescribed
burning can alter microbial community structure (Kaye
and Hart 1998; Boyle et al. 2005). Fernández et al. (1997)
found the carbon content in burned soils to be signifi-
cantly lower than in unburned soils. The remaining
organic matter in the burned soils contained more humin
and consequently provided a poor substrate for microbial
growth. Campbell et al. (2008) also observed that burning
treatment caused a significant reduction in soil carbon
sources and therefore altered microbial community
structure. In our previous study, we found that prescribed
burning resulted in changes in soil nutrient status (Sun
et al. 2009); in the present study, we found that prescribed
burning altered the soil microbial community structure as
indicated by PLFA pattern (Fig. 4). We believe the
changes in soil microbial biomass and community struc-
ture may be attributed partly to the decrease in nutrient
availability. RDA indicated that soil chemical properties
could explain the variation in PLFA pattern, supporting
the view that the decreases in soil organic matter and soil
nutrients are probably the reasons for the observed
reductions in soil fungPLFA and bactPLFA.
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Klamer M, Bååth E (1998) Microbial community dynamics during
composting of straw material studied using phospholipid fatty
acid analysis. FEMS Microbiol Ecol 27:9–20

Myers RT, Zak DR, White DC, Peacock A (2001) Landscape-level
patterns of microbial community composition and substrate use
in upland forest ecosystems. Soil Sci Soc Am J 65:359–367

Neary DG, Klopatek CC, DeBano LF, Ffolliott PF (1999) Fire
effects on belowground sustainability: a review and synthesis.
For Ecol Manag 122:51–71
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