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Abstract
Purpose Soil nitrogen (N) availability is a critical
determinant of plantation productivity in subtropical
Australia and is influenced by the soil microbial
community. The size, structure and function of the soil
microbial community can be impacted by land-use
change and residue management. The objectives of this
study were to examine the impact of land-use change
from (1) native forest (NF) to first rotation (1R) hoop
pine plantation and (2) 1R hoop pine plantation to
second rotation (2R) hoop pine plantation on the soil
microbial community. The impact of residue management
on the soil microbial community was also investigated in
the 2R forest, where soil microbial parameters were
measured in tree rows (2R-T) and windrows (2R-W). In
addition, relationships between soil microbial parameters
and soil N parameters were investigated.
Materials and methods Each of the four treatments (NF,
1R, 2R-T and 2R-W) had five 24-m2 replicate plots from
which 15 soil cores were collected and bulked at three
depths (0–10, 10–20, 20–30 cm). Microbial biomass carbon
(MBC) and N (MBN) and soil respiration were measured

on field moist soils. In addition, carbon (C) source
utilisation patterns were assessed using the whole soil
MicroResp™ technique (Campbell et al. 2003).
Results and discussion Results indicate that the land-use
change from NF to 1R hoop pine plantation significantly
reduced MBC, respiration rate, soil total C and total N.
Furthermore, the land-use change appeared to have a
significant impact on the soil microbial community com-
position measured using MicroResp™ profiles. Land-use
change from 1R to 2R hoop pine plantation resulted in a
decline in total C and MBN and a shift in microbial
community composition. When compared to the 2R-T soils,
the 2R-W soils tended to have a greater microbial biomass
and respiration rate. Residue management also influenced
the microbial community composition measured in the
MicroResp™ profiles.
Conclusions Results indicate that land-use change had a
significant impact on the soil microbial community,
which was likely to be related to shifts in the quality
and quantity of organic inputs associated with the change
in land use. This may have significant implications for
the long-term productivity of the soil resource. Further
studies are required to confirm a difference in microbial
community composition associated with residue manage-
ment. In addition, long-term experiments in subtropical
Australia are necessary to verify the results of this
snapshot study and to improve our understanding of the
impact of single-species plantation forestry and residue
management on the soil microbial community, soil N
dynamics and ultimately the long-term sustainability of
the soil resource.
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1 Introduction

The soil microbial community plays a central role in
organic matter turnover and the cycling of almost all major
plant nutrients, including nitrogen (N) (Smith and Paul
1990; Doran and Zeiss 2000; Xu et al. 2008, 2009). As
such, it is a key factor influencing ecosystem functioning
and the sustainability of the soil resource (Sparling 1997).
Research has shown that soil microorganisms are sensitive
to land use and management and can be used to indicate
soil health (Sparling 1997; Chen et al. 2000; Gomez et al.
2000; Li et al. 2004; Zhang and Xu 2008). Shifts in the soil
microbial community (population, activity and/or composi-
tion) associated with land-use change and management
techniques may influence soil N pools and dynamics (He et
al. 2005; Pan et al. 2008, 2009; He et al. 2009a, b; Xu et al.
2009).

In forest soils, the growth, activity and composition (i.e.
diversity) of the soil microbial community are affected by
abiotic and biotic factors including climate, tree species,
quality and quantity of organic matter input, nutrient
availability and physical disturbance (Priha et al. 1999;
Leckie et al. 2004; Grayston and Prescott 2005; Hannam et
al. 2006; He et al. 2006). These factors may in turn be
influenced by land-use change (e.g. harvesting and change in
stand composition) and silvicultural techniques (e.g. residue
management) (Burton et al. 2007a, b; Chen and Xu 2008; He
et al. 2008; Xu et al. 2009). There has been a substantial
amount of research into the impact of tree species and stand
composition, as well as harvesting and residue management,
on the soil microbial community in temperate and boreal
forests (Zhang et al. 2007a, b; Huang et al. 2008; Zhang et
al. 2009); however, there is limited information available for
subtropical forests, particularly in relation to a chronose-
quence of land-use change and management.

A number of soil microbiological parameters have been
used to assess the impact of land-use change and
management on the size, activity and composition or
diversity of the soil microbial community (Paul and Clark
1996; Xu et al. 2009). Soil microbial biomass and
respiration can be used as general indexes of the size and
activity (i.e. CO2-C evolution or C turnover) of the soil
microbial community (Paul and Clark 1996). Both param-
eters tend to be sensitive to land-use change and manage-
ment and have traditionally been used as indicators of soil
fertility, with decreases indicating a decline in soil quality
or health (Elliott et al. 1996; Chen et al. 2000). In addition,
the shift in soil microbial community composition has been
used as an indicator of soil health (e.g. Yao et al. 2000).
Common methods used to assess shifts in the microbial
community as a result of land use and management include
phospholipid fatty acid analysis, denaturing gradient gel
electrophoresis and community level physiological profiles

(CLPP) (Campbell et al. 2003; Bucher and Lanyon 2005;
Grayston and Prescott 2005; Cookson et al. 2007). The
CLPP techniques measure patterns of carbon (C) source
utilisation to detect the shift in soil microbial community
functional diversity.

In this study, measurements of soil microbial biomass,
activity and community structure (CLPP) were used to test
the hypothesis that the land-use change from a mixed-
species native forest (NF) to a single-species first rotation
(1R) hoop pine plantation, and subsequent second rotation
(2R) hoop pine plantation and associated residue manage-
ment practices, would have a significant impact on the soil
microbial community. In addition, relationships between
soil microbial parameters and available soil N parameters
were investigated.

2 Materials and methods

2.1 Site description and sample collection

This study was conducted in Yarraman State Forest, southeast
Queensland, Australia (26° 52′ S, 151° 51′ E). Details of the
study area were provided by Chen et al. (2004). In brief,
annual rainfall at this site ranges between 433 and 1,110 mm,
with an average of 816 mm. The soil was a Typic Durustalf
(Soil Survey Staff 1999), with a clayey texture (Chen et al.
2004). The NF site is classified as a mixed rainforest/scrub
and is dominated by bunya pine (Araucaria bidwilli Hook.),
yellowwood (Terminalia oblongata F. Muell. subsp. oblon-
gata), crows ash (Pentaceras australis R.B.) and lignum-
vitae (Premna lignum-vitae), with emergent hoop pine
(Araucaria cunninghamii Aiton ex A. Cunn.). Experimental
sites measuring 0.2 ha in area were located in adjacent NF,
1R hoop pine plantation (53 years old) and 2R hoop pine
plantation (5 years old). Both the 1R and 2R hoop pine
plantation sites were converted from native forest in 1952.
The first rotation of hoop pine at the 2R site was clearfall
harvested in 1999, and post harvest residues from the 1R
plantation were formed into windrows approximately 6 m
apart, using a D6 bulldozer with shear blade. The areas
between windrows were then used as tree-planting rows for
the 2R hoop pine plantation. Hence, the 2R plantation
experimental area was divided into two treatments based on
the residue management practices. These were (1) tree
planting row (2R-T) and (2) windrow of harvest residues
(2R-W). A buffer area of at least 100 m was left between
experimental areas to avoid edge effects. Each of the four
treatments had five 24-m2 replicate plots. Fifteen soil cores
were randomly collected from each plot at three depths (0–
10, 10–20 and 20–30 cm), using a 7.5-cm-diameter auger
and bulked. All samples were transported to the laboratory
where field moist soils were well mixed and passed through

1268 J Soils Sediments (2010) 10:1267–1277



a 2-mm sieve and the fraction <2 mm was stored at 4°C until
the analysis could be conducted. A subsample of each soil
was air-dried at room temperature for analysis of soil basic
physical and chemical characteristics, which are shown in
Table 1. Soil total C and N were analysed using an isotope
ratio mass spectrometer with a Eurovector Elemental
Analyser (Isoprime-EuroEA 3000, Milan, Italy). Soluble
organic N (SON) and mineral N were measured using the
methods described in Burton et al. (2007a, b). Soil CEC, pH
and bulk density were measured using the methods described
by Rayment and Higginson (1992).

2.2 Microbial biomass C and N

Microbial biomass C (MBC) and microbial biomass N
(MBN) were measured using the fumigation–extraction
method described by Vance et al. (1987). In brief,
fumigated and nonfumigated soils (10 g dry weight
equivalent) were extracted with 40 ml of 0.5 M K2SO4

(soil/extractant ratio 1:4). Samples were shaken for 30 min,
and filtered through a Whatman 42 filter paper and
frozen until further analysis could be conducted. Soluble
organic C and total N in the extracts of fumigated and
nonfumigated samples were determined using a SHIMADZU
TOC-VCPH/CPN analyser (fitted with TN unit). Microbial
biomass C and N were calculated using a conversion factor
for C (Ec) of 2.64 (Vance et al. 1987) and for N (En) of 2.22
(Brookes et al. 1985; Jenkinson 1988).

2.3 Soil respiration

Soil respiration was measured using the method described
by Chen et al. (2000). Field moist subsamples (20 g dry

weight equivalent) were placed in beakers and aerobically
incubated at 22°C and at constant humidity in sealed 1-L
glass jars. Carbon dioxide evolved from the soil was
trapped in 0.1 M NaOH and measured after 24 h, 3 days,
7 days, 14 days, 21 days and 28 days by titration with
0.05 M HCl to the phenolphthalein end point after the
addition of 1 M BaCl2. A number of controls (i.e. jars
without soil) were subjected to the same conditions and
used as blanks. The amount of carbon dioxide evolved
was calculated from the difference in molarity between
the NaOH from blanks and samples. The metabolic
quotient (qCO2) was calculated as the ratio of respiration
(µg CO2-C g–1h–1) to MBC.

2.4 Community level physiological profiles

Carbon source utilisation patterns (often referred to as
community level physiological profiles, or CLPP) were
assessed using the whole soil MicroResp™ technique.
Analysis was performed within 72 h of the completion of
sample processing. The MicroResp™ colourimetric detec-
tion plates were prepared and profiles obtained according to
Campbell et al. (2003). Briefly, soil samples, all of which
were at >40% of the water holding capacity, were
conditioned at 25°C in a humid environment for 2 days
prior to analysis. Based on the work of Campbell et al.
(1997, 2003), 15 ecologically relevant and easily dissolv-
able C substrates were selected (Table 2), and stock
solutions were made from which 25-ml aliquots could be
dispensed to deliver 30 mg C per gram of soil water to each
deep well. MicroResp™ analysis was carried out in
triplicate. The C solutions and water (to be used as basal
respiration) were dispensed into a deep well plate before

Forest type Bulk density
(g cm–3)

pH (1:2.5 H2O) CEC
(cmol kg–1)

Total C (%) Total N (%) C/N ratio

0–10 cm

NF 0.61 6.2 56.9 8.9 0.75 12

1R 0.65 6.6 50.9 7.1 0.52 14

2R-T 0.88 6.0 38.0 5.8 0.46 13

2R-W 0.86 6.2 36.5 6.1 0.47 13

10–20 cm

NF 0.86 5.9 48.0 5.7 0.50 11

1R 0.93 6.3 48.4 4.2 0.37 12

2R-T 0.84 6.4 33.7 4.5 0.38 12

2R-W 0.99 5.8 33.7 3.4 0.31 11

20–30 cm

NF 1.03 5.8 34.6 3.5 0.31 11

1R 1.14 6.2 35.2 2.7 0.24 12

2R-T 1.04 5.5 29.6 2.6 0.22 12

2R-W 0.94 5.2 29.6 2.5 0.21 12

Table 1 Soil properties for adja-
cent native forest (NF), 53-year-
old first rotation hoop pine
plantation (1R), 5-year-old
second rotation tree row (2R-T)
and second rotation windrow
(2R-W) at the Yarraman site,
subtropical Australia
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soil subsamples, each with a total volume of 300 μl, and
were placed into each well of the deep well plate using the
method described by Campbell et al. (2003). The deep well
plate was then immediately sealed with a gasket and
detection plate and incubated at 25°C for 6 h. In order to
calculate colour development (C utilisation), the detection
plate colour was measured as absorbance at 590 nm
immediately before and after the 6-h incubation using a
Biolog™ microplate reader (B62302A, Molecular Devices,
CA, USA). The 6-h absorbance data were normalised for any
differences in detection plates recorded prior to incubation.
Basal respiration (for water) and substrate-induced respira-
tion (SIR) (for individual C substrates) were calculated as
CO2-C evolved according to Campbell et al. (2003). For
each plate, the average amount of CO2-C that evolved per
sample was calculated and used to normalise individual well
responses before multivariate analysis was conducted.

2.5 Statistical analysis

A split-plot factorial analysis of variance (ANOVA) was
used to explore differences within biomass measurements
based on the factors forest type and soil depth. Where
significant differences were detected, pairwise comparisons
were made using the Tukey adjustment for multiple range
testing. One-way ANOVAs were used to evaluate the soil
respiration and metabolic quotient data as well as Micro-
Resp™ SIR data from individual C substrates. Least
significant difference (P<0.05) was used to separate
treatment means when differences were significant. The
assumptions of normality and equal variance were satisfied
prior to this analysis being conducted in SAS version 9.1.3.

Patterns of C source utilisation among the forest types
were examined by principal component analysis (PCA) and
nonmetric multidimensional scaling (NMS) using Bray–
Curtis distance measure. For the NMS analysis, the
multiple response permutations procedure (MRPP) was
used to determine whether groups were statistically differ-

ent, and Bonferroni adjustment was used to ensure the
overall error rate was 0.05. It should be noted that MRPP
tests for differences among groups were based on both
location and variation (Mielke and Berry 2001). Hence,
significant differences found among the forest types may be
due to either distance between the groups or variability
within the groups. Cluster analysis was also performed
using Bray–Curtis as the distance measure with graphical
representations based on complete linkage for the hierar-
chical clustering. For the MicroResp™ data, substrates that
did not induce respiration were removed for analysis. All
multivariate analysis was carried out on normalised data
using the Statistical package R version 2.4.0 (R Develop-
ment Core Team 2008).

3 Results

3.1 Microbial biomass

A significant interaction was found between forest type and
soil depth for both MBC (P<0.001) and MBN (P<0.001).
Hence, the extent to which forest type affected MBC and
MBN varied with the soil depth. In the 0- to 10-cm layer,
MBC ranged from 1,186 μg g–1 in the 2R-T soils to
2,156 μg g–1 in the NF soil, with values decreasing with
soil depth (Table 3). The NF soil had significantly higher
MBC than the 1R soil in the 0- to 10-cm layer, but there
was no significant difference in MBC between 1R and 2R
soils or between 2R-T and 2R-W soils at any depth.

The MBN ranged between 130 μg g–1 in the 2R-T soil
and 231 μg g–1 in the NF soil, and also decreased with the
soil depth (see Table 3). Although the NF soil tended to
have higher MBN than the 1R soil in all depths, the
differences were not significant. In the 0- to 10-cm layer,
the 1R soil had significantly higher MBN than the 2R-T
soil; however, values were similar at lower depths. There
was no significant difference in MBN values between the

Table 2 MicroResp™C source substrate induced respiration (SIR) in the 0- to 10-cm soil layer of the adjacent native forest (NF), 53-year-old first rotation
hoop pine plantation (1R), 5-year-old second rotation tree row (2R-T), and second rotation windrow (2R-W) at the Yarraman site, subtropical Australia

Forest
type

L-
Alanine

Arginine Citric
acid

D-
Galactose

L-Malic
acid

Oxalic
acid

L-
Arabinose

D-
Fructose

D-
Glucose

L-
Lysine

NAGAa Trehalose

μg CO2-C g–1h–1

NF 0.62a 0.27a 0.73a 0.87a 0.54a 0.66a 0.29a 1.1a 0.71a 0.27a 1.04a 0.60a

1R 0.60a 0.12b 0.66ab 0.71ab 0.28b 0.41b 0.18ab 1.1a 0.66a 0.08b 1.01a 0.63a

2R-T 0.50ab 0.04b 0.50b 0.70ab 0.16b 0.35b 0.08b 0.9a 0.50b 0.01b 0.80ab 0.23b

2R-W 0.34b 0.11b 0.51b 0.60b 0.13b 0.28b 0.13ab 0.9a 0.38b 0.05b 0.71b 0.38ab

Values are means (n=5) and, if followed by the same letter, are not significant at the 5% level of significance. Note: Three of the fifteen C
substrates, namely, γ-aminobutyric acid, 3,4-dihydroxybenzoic acid and L-cysteine hydrochloride produced undetectable SIR in all soil samples
and are therefore not displayed in the table
aN-Acetylglucosamine
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2R-T and 2R-W soils. The microbial C/N ratio (ratio of
MBC to MBN) ranged between 7.3 and 9.4 in the 0- to
10-cm layer and tended to increase with the soil depth.
There were generally no differences in the microbial C/N
ratio among the forest types. The MBC constituted up to
2.5% of the soil total C, while MBN constituted up to 3.8%
of the soil total N, neither were significantly affected by
forest type (see Table 3).

Concentrations of MBC in the 0–10 cm were highly
correlated with soil total C and N, hot water extractable
organic C and N, hot KCl extractable organic C and N, and
mineral N (Table 4). Concentrations of MBN in the 0- to
10-cm layer had similar relationships with total C and N,
pools of soluble organic C (SOC), SON and mineral N, and
soil C/N ratio as concentrations of MBC.

3.2 Soil respiration and metabolic quotients

The average soil respiration rate over the 28-day incubation
ranged from 0.78 μg CO2-C g–1h–1 in the 2R-T soil to 1.12
CO2-C g–1h–1 in the NF soil (Fig. 1), while cumulative
CO2-C production for the 28-day incubation period was
between 530 μg CO2-C g–1 in the 2R-T soil and 755 μg
CO2-C g–1 in the NF soil (Fig. 2). Both the average
respiration rate and the cumulative CO2-C production were
consistently higher in the NF soil compared to the 1R soil;
however, no significant differences were found among the
plantation soils (see Figs. 1 and 2). Metabolic quotients
ranged from 0.52 in the NF soil to 0.74 in the 2R-T soil,
and were not significantly different among the forest types.
The average respiration rate was positively correlated with
soil total C and N (P<0.05), mineral N (P<0.001), pools of
soluble organic C extracted by hot water and hot KCl (P<

0.001) and soluble organic N extracted by hot water (P<
0.01) and hot KCl (P<0.001), and negatively correlated
with soil C/N ratio (P<0.05) (see Table 4).

3.3 MicroResp™

All MicroResp™ results presented here are the means of
the triplicates from each of the five replicates for the four
treatments. The mean basal respiration (with no C source),
measured from the wells containing water only, were 1.03,
0.99, 0.86 and 0.79 μg CO2-C g–1h–1 in the 1R, NF, 2R-W
and 2R-T soils, respectively. The only significant difference
in the basal respiration was between the 1R soil and the
2R-T soil. Three of the fifteen C substrates, namely, γ-
aminobutyric acid, 3,4-dihydroxybenzoic acid and L-
cysteine hydrochloride, produced undetectable SIR in all
soil samples. Table 2 displays mean SIR of the remaining
12 C substrates. The highest level of SIR in all forest types
was observed with D-fructose, while the lowest detectable
SIR was observed with L-lysine. The NF soil tended to
have higher SIR than the 1R soil, although the difference
was not always significant (see Table 2). In most cases, the
1R soil had similar SIR to the 2R soils; however, there
were some instances (e.g. D-glucose, L-alanine, trehalose)
where SIR was higher in the 1R soil than either or both of
the 2R-T and 2R-W soils. No significant differences were
found between the 2R-T and 2R-W soils (see Table 2).

PCA of the MicroResp™ data showed that PC 1
accounted for 71% of the variation while PC 2 accounted
for a further 12% (a total of 83% for the first two PCs with
90% of the variation accounted for by the third PC).
However, forest types were not separated into distinct
groups based on the PCA (Fig. 3a). In contrast, NMS

Forest Type MBC (μg g–1) MBN (μg g–1) Microbial C/N Microbial
C/Total C (%)

Microbial
N/Total N (%)

0–10 cm

NF 2156a 231a 9.4a 2.5a 3.1a

1R 1365b 188ab 7.3a 2.0a 3.8a

2R-T 1186b 130c 9.3a 2.1a 2.8a

2R-W 1353b 156bc 8.9a 2.2a 3.3a

10–20 cm

NF 1160a 123a 9.6a 2.1 a 2.5a

1R 900ab 112ab 8.1a 2.2 a 3.1a

2R-T 684b 64b 11.0a 1.5 a 1.7a

2R-W 757b 74b 10.5a 2.2 a 2.4a

20–30 cm

NF 590a 56a 10.7ab 1.7a 1.8a

1R 424a 48a 9.0b 1.6a 2.0a

2R-T 544a 45a 13.1a 2.0a 1.9a

2R-W 403a 30a 13.1a 1.6a 1.5a

Table 3 Microbial biomass C
(MBC) and N (MBN) contents
in the adjacent native forest
(NF), 53-year-old first rotation
hoop pine plantation (1R),
5-year-old second rotation tree
row (2R-T) and second rotation
windrow (2R-W) at the Yarraman
site, subtropical Australia

Values are means (n=5) and, if
followed by the same letter, are
not significant at the 5% level of
significance
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analysis of the MicroResp™ profiles revealed replicates of
the different forest types tended to group together (Fig. 3b).
Further analysis using MRPP revealed that the pattern of
SIR in the NF soil was significantly different from the
pattern produced for the 1R soil (δ=0.0766, P=0.0080).
The pattern of SIR in the 1R soil was significantly different
from that of the 2R-T soil (δ=0.1246, P=0.0060) and the
2R-W soil (δ=0.1548, P=0.0070). However, no significant
difference was found between the patterns produced by the
2R-T and 2R-W soils (δ=0.1985, P=0.0170). These values
are based on the P value obtained using Bonferroni
adjustment (P=0.0083).

With the exception of one of the 2R-W replicates
(sample number 6), cluster analysis of the MicroResp™

SIR profiles separated the NF, 1R, 2R-T and 2R-W
replicates into distinguished clusters, linking together at a
Bray–Curtis distance of approximately 0.10 (Fig. 3c).
Cluster analysis of the MicroResp™ profiles revealed that
the NF and 1R samples were most similar (linking together
at a distance of 0.25) followed by 2R-W, which was linked
with 1R and NF at a relative distance of 0.3, while 2R-T
was most different from the other soils (see Fig. 3c).

4 Discussion

4.1 Soil microbial biomass and respiration

The mechanisms through which the land-use change from
the NF to the hoop pine plantation may affect the soil
microbial community are related to the change in tree
species and the disturbance associated with logging of the
NF as well as subsequent establishment of the 1R
plantation and ensuing silvicultural techniques. Shifts in
tree species may result in changes in the quality and
quantity of both above-ground (litter) and below-ground
(roots) organic matter input, as well as changes in
microclimate (Priha and Smolander 1997; He et al. 2006).
The NF in this study is composed of a mixture of tree
species including both hardwood and conifer species, while
the plantation is a single-species conifer forest. It has been
suggested that due to the presence of a waxy surface layer
and higher concentrations of recalcitrant compounds (e.g.
phenolic compounds), conifer needles are more resistant to
decomposition than leaf litter from hardwoods (Priha and
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Fig. 1 Respiration rate (black bars) and metabolic quotient (grey bars)
in the 0- to 10-cm soil layer of adjacent native forest (NF), 53-year-old
first rotation hoop pine plantation (1R), 5-year-old second rotation tree
row (2R-T) and second rotation windrow (2R-W) at the Yarraman site,
subtropical Australia (standard errors shown by vertical bars)

Table 4 Spearman rank correlation coefficients between soil microbial and nutrient parameters in the 0- to 10-cm layer of adjacent native forest
(NF), 53-year-old first rotation hoop pine plantation (1R), 5-year-old second rotation tree row (2R-T) and second rotation windrow (2R-W) at the
Yarraman site, subtropical Australia

MBC MBN Resp. rate TC TN C/N ratio SONhw SOChw SONhKCL SOChKCl Mineral N

MBC 1

MBN 0.94*** 1

Resp. Rate 0.60* 0.57* 1

TC 0.83*** 0.81*** 0.51* 1

TN 0.77*** 0.77*** 0.50* 0.96*** 1

C/N ratio -0.40 -0.42 -0.46* -0.29 -0.43 1

SONhw 0.85*** 0.75*** 0.61** 0.70*** 0.67*** -0.34 1

SOChw 0.88*** 0.77*** 0.71*** 0.74*** 0.69*** -0.33 0.95*** 1

SONhKCL 0.85*** 0.82*** 0.68*** 0.78*** 0.70*** -0.28 0.86*** 0.92*** 1

SOChKCl 0.85*** 0.79*** 0.70*** 0.75*** 0.67*** -0.26 0.88*** 0.93*** 0.99*** 1

Mineral N 0.69*** 0.57* 0.77*** 0.63** 0.66** -0.57* 0.84*** 0.88*** 0.77*** 0.77*** 1

*Significance at P<0.05; **Significance at P<0.01; Significance at ***P<0.001; n=20

MBC microbial biomass C, MBN microbial biomass N, Resp. rate respiration rate, TC total C, TN total N, C/N ratio of TC to TN, SONhw hot water
extractable soluble organic N, SOChw hot water extractable soluble organic C, SONhKCl hot 2 M KCl extractable soluble organic N, SOChKCl hot
2 M KCl extractable soluble organic C, Mineral N sum of ammonium and nitrate

Table 4 Spearman rank correlation coefficients between soil microbial
and nutrient parameters in the 0- to 10-cm layer of adjacent native forest
(NF), 53-year-old first rotation hoop pine plantation (1R), 5-year-old

second rotation tree row (2R-T) and second rotation windrow (2R-W) at
the Yarraman site, subtropical Australia
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Smolander. 1997; Li et al. 2004). Past studies have found a
decline in microbial biomass associated with land-use
change from native forest to plantations, as well as
differences in soil respiration associated with different
stand types (Waldrop et al. 2000; Priha et al. 2001; Chen
et al. 2004). A comparison of beech (a northern hemisphere
hardwood) and conifers (Scots pine and Norway spruce)
found that MBN was significantly lower in the conifer
stand compared to the beech stand (Zhong and Makeschin
2006). Similarly, Priha et al. (2001) found lower MBC and
respiration under conifers (Scots pine and Norway spruce)
compared to hardwoods (silver birch). However, Priha and
Smolander (1997) compared hardwoods (silver birch) and
conifers (Scots pine and Norway spruce) and found that
stand type had no clear effect on MBC and MBN after
24 years.

In this study, concentrations of MBC and MBN (in all
depths) and respiration rates in the NF and plantation sites
were comparable to those reported for other plantation soils
in southeast Queensland (Chen et al. 2002; Chen and Xu
2005). The land-use change from NF to 1R hoop pine
plantation was associated with a significant reduction in the
concentration of MBC in the 0- to 10-cm layer. Respiration
rate, both on an hourly basis and over the 28-day incubation
period, was also reduced as a result of the land-use change.
Past research at this study site found that the NF soil had a
lower alkyl C/O-alkyl ratio than the 1R soil (Chen et al.
2004). Also, analyses of litter and soil samples show that
the NF had significantly lower C/N ratios (28 and 12,
respectively) than the 1R forest (69 and 14, respectively).
Together, these results indicate that the higher MBC and
respiration in the NF compared to the 1R soil is associated
with higher-quality organic matter input in the NF.

The hot water and hot KCl extractable SOC and SON
pools are believed to represent labile fractions of soil

organic C and N pools (Curtin and Wen 1999; Chen et al.
2004; Curtin et al. 2006; Chen and Xu 2008). The MBC,
MBN and respiration were positively correlated with
soluble organic C and N extracted by hot water and hot
KCl, as well as soil total C and total N, and were negatively
related to the soil C/N ratio (see Table 3). Higher
percentages of total C and total N (see Table 1) and larger
pools of labile SON and SOC in the NF soil compared to
the 1R soil (Burton et al. 2007ab), together with the strong
positive relationship, tend to suggest that the NF has greater
quantity and quality of organic matter available for
decomposition by the microbial community than the 1R
forest. Smolander and Kitunen (2002) found that microbial
biomass and activity were correlated with dissolved organic
nitrogen, while Li et al. (2004) found that MBC and MBN
were correlated with soil total C and total N. In this study,
the negative relationship of microbial parameters with the
soil C/N ratio suggests that N is limiting in the plantation
soils, which have higher C/N ratios than the NF soil (see
Table 1). Previous work on these soils showed that the NF
soil had a significantly larger mineral N pool than the 1R
soil (Burton et al. 2007a). The significant positive correla-
tion of mineral N with MBC, MBN and respiration rate
indicates that the larger soil microbial biomass and greater
microbial activity in the NF soils are associated with the
larger pools of mineral N in the NF soils. These results
suggest that the change in microbial parameters associated
with the change in land use may impact N transformation
processes and mineral N availability which in turn may
impact plantation productivity.

Plantation harvesting and the establishment of a subse-
quent hoop pine rotation may cause disturbance and
compaction of the soil system as well as changes in the
quantity and quality of organic matter and the microclimate,
which may in turn affect the soil microbial community
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(Breland and Hansen 1996; Li et al. 2004). Research has
revealed varying effects of harvesting on the soil microbial
community, with researchers reporting no effect (e.g.
Hannam et al. 2006), and decreases in biomass and

respiration (e.g. Luizao et al. 1992; Pietikainen and Fritze
1995). Residue management may control the availability
of organic matter and soil microclimate and therefore
may also affect the soil microbial community (Chen and
Xu 2005). A study in hoop pine plantations of subtropical
Australia indicates that residue retention may decrease
nutrient loss and increase soil C and N (Blumfield and
Xu 2003; Mathers et al. 2003b). Furthermore, solid-state
13C NMR analysis of soils in hoop pine and eucalypt
plantations of subtropical Australia revealed residue
retention improved the quality of soil organic matter
(Mathers et al. 2003a, b). A study undertaken in a 6-year-
old slash pine plantation of subtropical Australia revealed
that residue retention increased MBC and MBN, but had
no significant effect on soil respiration and metabolic
quotient (qCO2) (Chen and Xu 2005).

In this study, there were some indications that
harvesting and residue management may influence the
microbial community; however, the lack of statistical
significance suggests that the impact is not highly
significant 5 years into the 2R of the hoop pine
plantation. Studies elsewhere have had varying results
with Smaill et al. (2010), finding evidence that variation
in microbial properties related to harvesting and residue
management can persist for a considerable length of time.
Alternatively, Hannam et al. (2006) found evidence to
suggest that the soil microbial community may respond to
harvesting immediately, but then return to preharvest
levels within 4–5 years.

4.2 Community level physiological profiles

Community level physiological profiles, such as Micro-
Resp™, produce results rapidly and have been used
regularly in forest soil research (e.g. Li et al. 2004; Bucher
and Lanyon 2005; Grayston and Prescott 2005; Huang et al.
2008) as a tool to indicate relative differences in commu-
nity composition or “functional diversity”, based on differ-
ences in patterns of C substrate utilisation. It is important
to note that CLPPs are only indicators of functional
diversity or community composition based on the ability
of the soil microbial community to utilise a range of C
substrates. In this study, SIR for the MicroResp™
profiles was low when compared to a study by Campbell
et al. (2003). However, similar to that study, the highest
level of SIR in all forest types of this study was observed
with D-fructose, while the lowest detectable SIR was
observed with L-lysine. It is worth noting that although
PCA is commonly used to analyse CLPP data, in this and
other studies (e.g. Priha et al. 1999, 2001), treatments
were not separated using PCA. Compared to PCA, which
is based on measurements of variance in the data, NMS
and cluster analysis are based on distance measures
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Fig. 3 Results of (a) PCA (PC1 accounted for 71% of the variation
while PC2 accounted for a further 12% of the variation), (b) NMS and
(c) cluster analysis (scale indicates Bray–Curtis distance with
graphical representations based on complete linkage for the hierarchi-
cal clustering) of the normalized absorbance data of the 12 C-sources
from the MicroResp™ profiles of the 0- to 10-cm soil layer of the
adjacent native forest (NF) (numbers 16–20), 53-year-old first rotation
hoop pine plantation (1R) (numbers 11–15), 5-year-old second
rotation tree row (2R-T) (numbers 1–5) and second rotation windrow
(2R-W) (numbers 6–10), at incubation time of 6 h
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(Anderson 1984), and both were more successful in
separating forest types than PCA.

As discussed previously, land use and management may
not only affect the size and activity of the soil microbial
community, but also influence its composition or functional
diversity. This may result in a change in physiological
capacity of the soil microbial community and may in turn
affect organic matter decomposition and soil N cycling
(Garland 1997; Waldrop et al. 2000; Larkin 2003; Carney
and Matson 2006).

Results of the MicroResp™ analysis revealed that
although the two forest types had similar basal respiration,
the NF soil tended to have a higher SIR than the 1R soil
(see Fig. 3a). Further analysis of the patterns of substrate
utilisation revealed separation of the NF and 1R soil into
distinguished groups (NMS and cluster analysis). These
results suggest that the microbial community in the NF soil
has greater diversity and activity, and a different composi-
tion to the 1R soil. This result is supported by previous
work at this study site in which greater microbial and
fungal diversity, based on the culture-independent, DNA-
fingerprinting method, was found in the NF soil compared
to the 1R soil (He 2004; He et al. 2005). Litter, root and soil
data from this study and previous studies at this site tend to
suggest that the change in tree species/stand composition
has reduced the quality and quantity of organic matter
input, which may have contributed to the shift in soil
microbial community composition and diversity (Burton et
al. 2007a, b; Chen et al. 2004; Xu et al. 2008).

Harvesting of the 1R forest and conversion to 2R
plantation and the ensuing residue management strategies
may affect the soil microbial community (Breland and
Hansen 1996; Li et al. 2004; Chen and Xu 2005; He et al.
2005). Comparison of the MicroResp™ profiles of the 1R
and 2R soils indicates that there were some differences in
the soil microbial community composition between the two
forest types. However, the differences between the 1R and
2R soils were not as clearly defined as the differences
between the NF and 1R soils. Previous studies at this site
found changes in the quality and quantity of organic matter
(e.g. root, litter and soil C/N ratios, and some pools of
SON and SOC) associated with the conversion of 1R to
2R hoop pine plantation (Burton et al. 2007a, b). It is
likely that these changes have contributed to the difference
in microbial community composition or functional diver-
sity between the 1R and 2R forests. Although the 2R-T
and 2R-W appeared to be reasonably well separated in the
cluster and NMS analysis of the MicroResp™ data,
overall there was no significant difference in soil micro-
bial community composition or diversity associated with
residue management. This may be partly due to the large
variability in the replicate MicroResp™ profiles within the
2R-W site.

5 Conclusions and recommendations

The results from this study indicate that the land-use change
from the NF to the 1R hoop pine plantation is associated
with reductions in soil microbial biomass and activity, and
changes in the composition of the soil microbial community
in the 0- to 10-cm soil layer. These changes are likely a
consequence of reductions in the quantity and quality of
organic matter inputs associated with the land-use change
and may have significant implications for the long-term
productivity of the soil resource.

While there is no evidence of changes in population size
and respiration associated with the conversion of 1R to 2R
hoop pine plantation, the Microresp™ data indicate that
there are differences in the microbial community composi-
tion between the 1R and 2R soils. Residue management did
not appear to have a significant influence on any of the
microbial parameters, suggesting that the soil microbial
community is resistant to this management technique.
However, it is also possible that this result may be the
consequence of the fact that samples are only representative
of one sampling time, which occurred approximately 5 years
after harvesting of the 1R plantation and establishment of
the 2R plantation.

In addition, studies are required to confirm a difference
in microbial community composition associated with
residue management. As this is a snapshot study (i.e.
results are based on a single round of sample collection),
the long-term experiments with regular sampling through-
out all seasons are required to verify the results of this study
and to improve our understanding of the impact of land use
and residue management on soil microbial community
dynamics in subtropical Australia.
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