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Abstract
Weed control is a key factor affecting early plant growth and establishment in revegetation
projects in South-east Queensland of sub-tropical Australia. Costs associated with weed
control are significant and methods which reduce establishment costs and effectively
suppress weeds are of great interest. However, different methods may have implications for
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soil quality and fertility and require a detailed investigation. Understanding the response of
soil organic matter (SOM) and microbial functional diversity to different weed control
methods is crucial as they affect soil quality and nutrient availability. A field trial was
established in Southeast Queensland to identify the effects of 3 methods of weed control: 1.
glyphosate; 2. a mixture of glyphosate and MCPA and 3. topsoil removal or scalping on
SOM, microbial biomass, soil respiration, NH4+-N availability, potentially mineralisable N
(PMN) and soil microbial community functional diversity (as assessed by carbon substrate
utilisation using Biolog GN2 plates). The scalped area had lower SOM and microbial activity
compared to the herbicide and control plots. There was no significant difference in water
soluble organic carbon (WSOC), hot water extractable organic C (HWEOC), hot water
extractable total N (HWETN) and microbial biomass C and N (MBC and MBN) between the
herbicide and control plots, particularly at week 20. NH4+-N and PMN values were lower at
week 20 than week 1 in the herbicide and scalping treatments. Week 20 was the end of the
growing season and reduction in N availability may have been the result of decreasing
temperature. Principal component analyses (PCA) from Biolog GN2 results indicated a
separation in soil microbial community function in the scalped area compared to the other
treatments which may have implications for soil properties in the long term.
Scalping proved to be the most cost-effective method of site preparation, requiring
fewer site visits for weed control compared to herbicide application. However, SOM was
significantly affected by scalping due to topsoil removal and it may not be a sustainable
practice in short rotation plantation establishment. Single herbicide application at field rates
did not impact soil organisms but also failed to achieve proper weed control.
1. Introduction
Weed control is a key factor to the success of early plant growth and establishment of woody
revegetation in South-east Queensland of sub-tropical Australia. Weed competition for
limited resources may decrease plant growth at early tree establishment (Rey Benayas et al.,
2005; Huang et al., 2008a). Costs associated with weed control are significant and methods
which effectively suppress weeds may reduce establishment costs.
Herbicide application is the conventional method to control weeds. However, the need
for repeated applications increases the costs and might also have implications for nontargeted organisms in the soil and even the planted seedlings. Glyphosate (N2

phosphonomethylglycine) is a non-selective herbicide which is applied post-emergence to
control weeds (Veiga et al., 2001). The use of glyphosate is preferred in forestry because it
eliminates targeted plants effectively (Busse et al., 2001). Glyphosate has low toxicity to
other organisms especially mammals (Levesque and Rahe, 1992) since it interrupts the
shikimic acid pathway which does not exist in the majority of complex multicellular
organisms other than higher plants (Franz et al., 1997). Nonetheless, concerns have grown
after negative side effects from glyphosate have been shown for soil micro-organisms in
laboratory studies (Santos and Flores, 1995; KrzyskoLupicka and Orlik, 1997). Glyphosate
may be applied with other herbicides to increase its efficiency, one of which is MCPA (2methyl-4-chlorophenoxyacetic acid), which may increase the herbicidal toxicity of the
glyphosate.
An alternative method for weed control in revegetation projects is topsoil removal or
scalping (Harper et al., 2008; Graham et al., 2009). Scalping is the removal of the upper layer
of soil, generally to a depth of 100 mm, which removes majority of the soil seed bank.
However, scalping may alter soil physical and chemical properties (Spittlehouse and Childs,
1990) leading to potential nutrient loss (Zabowski et al., 1994) and land degradation.
Scalping may increase soil temperature and water availability (Spittlehouse and Childs, 1990)
leading to improved plant early growth and survival. Our research has shown that despite the
fact that scalping removes the most biologically active layer of the soil, it may not adversely
affect plant growth and survival and may improve plant growth relative to the herbicide weed
control (unpublished data). For example, spot scalping did not show a negative impact on
plant growth when used to regenerate a mixed species community by planting white spruce
(Picea glauca, [Moench] Voss) and jack pine (Pinus banksiana Lamb.) in Canada
(MacDonald and Thompson, 2003; Man et al., 2009).
Soil organic matter (SOM) and N availability maintain soil quality and sustain
ecosystem productivity (Xu et al., 2008; Ibell et al., 2010; Moreira et al., 2011). The
significant impact of site management practices on SOM and N availability under forest and
plantation ecosystems has been well documented (Chen et al., 2002; Blumfield and Xu, 2003;
Tutua et al., 2008; Xu et al., 2008). Various studies have evaluated SOM and N availability
under silvicultural management practices using water extractable organic C and N, microbial
biomass C and N, N mineralisation (Chen et al., 2002; Chen and Xu, 2005; Blumfield et al.,
2006; Xu et al., 2008) and microbial community functional diversity (Huang et al., 2008b).
There is little knowledge about the C and N dynamics in the soil under contrasting weed
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control techniques used in the establishment phase of revegetating native species in subtropical Australia. This study aimed to explore the effects of different weed control methods
on SOM dynamics and soil microbial functional diversity.
2. Materials and methods
2.1. Site description
The experimental site was located at Laidley (27°40’31 S, 152°24’04 E), approximately 75
km west of Brisbane, south east Queensland, Australia. Before the treatment application, the
vegetation was dense grass dominated with Chloris gayana (Poaceae). The soil is a sandy
loam containing 24%, clay, 25%, silt, and 52%, sand. Total C (TC) was 1.90% and pH was
5.7. During the 5 month study period, average maximum daily temperatures were 30ºC (27ºC
- 32ºC) and precipitation was 415 mm (Fig. 1).
The experiment was a randomized complete block design with four blocks. Three
additional plots, 3 m × 3 m, were established next to the blocks for glyphosate application.
Herbicide treatments were glyphosate and a mixture of Glyphosate and MCPA (a 2-methyl-4chlorophenoxyacetic acid). The herbicide used was Touchdown ™ with the active ingredient
glyphosate (present as potassium salt at 500 g L-1) diluted to 5 g L-1 and applied at a rate of
4.3 kg per ha. The active ingredient MCPA was diluted to 2.5 g L-1 and applied at a rate of 2
kg per ha. In the scalped areas approximately 10 cm of topsoil was removed by a road grader,
with the blade angled to form the displaced soil into windrows, to remove existing grass and
weeds and decrease soil seed banks. All treatments were applied in November 2008. Control
plots received neither of the treatments.
2.2. Soil sampling and analyses
Soil sampling was conducted on two occasions, in December 2008 and April 2009, 1 and 20
weeks after treatment application. The soil samples (depth 0-5 cm) were randomly collected
at five positions in each plot using a 60 mm (internal diameter) auger. The sampled soils in
each plot were bulked and well mixed. A sub-sample of the soil was air-dried and the rest
was refrigerated at 4°C and processed shortly after sampling. Soils were sieved (through a 2mm mesh) prior to any analyses.
Labile C and N fractions were investigated using water soluble organic C (WSOC)
and total N (WSTN). Briefly, 40 ml water was added to 8 g of air-dried soil and the
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suspension was shaken by an end-over-end shaker for 5 min followed by centrifuging at
10 000 rpm for 10 min. The suspension was filtered through a Whatman 42 filter paper
followed by filtering through a 33 mm Millex syringe-driven 0.45 µm filter. The
concentration of filtered solution was measured using a Shimadzu TOC-VCSH/CSN TOC/N
analyser (Chen and Xu, 2005).
To assess hot water extractable organic C (HWEOC) and hot water extractable total N
(HWETN), 35 ml water was added to 7 g of air-dried soil and the samples were incubated in
a capped and sealed tube at 70°C for 18 h. Following incubation, the suspension was shaken
by an end-over-end shaker for 5 min followed by centrifuging at 10 000 rpm for 10 min. The
suspension was filtered through a Whatman 42 filter paper followed by filtering through a
33 mm Millex syringe-driven 0.45 µm filter. The concentration of filtered solution was
measured using a Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu, 2005).
To measure microbial biomass C (MBC) and microbial biomass N (MBN), two 10 g
sub-samples of fresh soil were weighed; one of the sub-samples was fumigated by
chloroform for 24 h. Each fumigated and non-fumigated sub-samples was mixed with 50 ml
of 0.5 M K2SO4 and the mixture was shaken with an end-over-end shaker for 30 min,
followed by filtering through a Whatman 42 filter paper. The TOC and TON of both
extractions were measured using a Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu,
2005). The MBC and MBN were derived as described by Vance et al. (1987) and Brookes et
al. (1985) respectively. Soil respiration was assessed by sodium hydroxide (NaOH) trap
method. Field moist soil (25 g) was incubated in a 1 L sealed glass container at 22ºC for one
week. Carbon dioxide (CO2) which was a product of soil respiration was trapped in 10 ml of
0.1 M NaOH and the remaining NaOH was titrated with 0.05 M HCl.
NH4+-N was determined by hot water extraction using a SmartChem 200 Discrete
Chemistry Analyser (DCA). To measure potentially mineralisable N (PMN), briefly, two subsamples (5 g) of air dried soil were weighed. One sub-sample were added to 25 ml water and
incubated at 40ºC for seven days. After incubation, 25 ml of 4 M KCl was added to the
samples and the suspension was shaken for 60 min and centrifuged for 20 min at 2000 rpm.
After centrifuging, the samples were filtered through a Whatman No. 42 filter paper. The
second sub-sample of soil was added to 50 ml of 2 M KCl and processed as above but
without incubation. Inorganic N of both samples were determined using SmartChem 200
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Discrete Chemistry Analyser (DCA) and the PMN was calculated as described by Blumfield
et al. (2006).
Soil microbial functional biodiversity was assessed using BIOLOG GN2 plates as
described in Garland and Mills (1991). Approximately, 5 g of fresh soil was added to 45 mL
of 0.9% NaCl, shaken for 30 min at 300 rpm followed by resting for 10 min to let the
suspension settle. The suspension was diluted 10 times and 125 µL of the diluted suspension
was added to the each well of GN2 plate. The plates were incubated at 20 °C and the
absorbance was measured using an ELISA plate reader at 595 nm every 24 h for 96 h.
Average well colour development (AWCD) and Shannon’s diversity index (H') at 96 h were
calculated as described by Huang et al. (2008b). Carbon sources used in Biolog GN2 plates
have been listed in Hitzle et al. 1997.
2.3. Statistical analysis
Analysis of variance (ANOVA) was carried out to contrast the values of all parameters at
weeks 1 and 20. The Tukey HSD test at P<0.05 was used to determine a comparison among
treatment means. Statistix software (Version 8) was used for all the statistical analyses.
Principal component analyses (PCA) was performed using PASW Statistics 18.
3. Results
3.1. WSOC, WSTN, HWEOC and HWETN
Soil from the scalped area showed significantly lower WSOC than the herbicide plots at week
1 (P<0.05). The glyphosate treated plots had the highest WSOC of all treatments at week 1
(P<0.05, Table 1). However, there was no significant difference in WSOC between any
treatments at week 20. WSOC was significantly lower at week 20 compared to week 1, in all
treatments. Whilst the scalped area had the lowest WSTN among the treatments, the
glyphosate treated plots had the highest WSTN, regardless of sampling time. WSTN was
significantly higher at week 20 compared to week 1, regardless of the treatments.
HWEOC was lower in the scalped area than the herbicide and control plots at either sampling
week (Table 1). There was no significant change in HWEOC from week 1 to week 20 in any
treatment. The scalped area had significantly lower HWETN than herbicide or control plots
in both weeks 1 and 20. HWETN did not differ between herbicide treatments or the control
plots, regardless of sampling weeks. HWETN was significantly higher in week 20 than in
week 1 in all treatments.
3.2. MBC and MBN and microbial activities
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MBC was significantly lower in the scalped and glyphosate+MCPA areas than the glyphosate
treatment and control plots in week 1. By week 20, MBC in the glyphosate+MCPA areas
improved and there was no significant difference in both herbicide treated areas compared to
the control plots, the scalped plot still had low MBC (P<0.05, Table 2). Despite these
differences between treatments, there was no significant change in MBC from week 1 to
week 20 compared for any treatment. MBN was the lowest in the scalped area at both weeks.
MBN was significantly lower in week 20 than week 1 in all treatments.
At week 1, soil respiration was the lowest in the scalped areas and highest soil respiration
was in the glyphosate treated areas. Soil respiration was significantly lower in both herbicide
areas than in the control plots at week 20 and even lower in the scalped plots (P<0.05, Table
2).
3.4. NH4+-N availability and PMN
NH4+-N was significantly lower in the scalped area than in the herbicide at both 1 and 20
sampling weeks (P<0.05, Table 2). All herbicide and scalped areas had significantly lower
NH4+-N at week 20 compared to week 1 (P<0.05). The scalped area had significantly lower
PMN than the herbicide and control plot at both weeks 1 and 20 (P<0.05, Table 2). There
was, however, no significant difference in PMN between the herbicide and control plots, at
either sampling time. PMN was significantly lower at week 20 compared to week 1 in all
treatments (P<0.10, Table 2).
3.3. Soil microbial community functional diversity
The Shannon index (H') showed no significant difference between the treatments and ranged
from 4.00 to 4.10. Carbon utilisation, as reflected by average well colour development
(AWCD), did not show a significant difference between the treatments though AWCD was
lower in the scalped area than in the other treatments (Fig. 2).
Principal component analyses (PCA) was performed to determine the patterns of the C
utilised by soil microorganisms in the BIOLOG GN2 wells at time 96 h. The PCA results
showed a separation in the C substrate utilisation between the scalped area and the other
treatments on axis 1 (Fig. 3). The first and second variables (PC1 and PC2) accounted for
28.3% and 17.0% of the total variance of data respectively. Substrates that influenced PC1
were mainly carbohydrate, carboxylate and amino acids while that of the PC2 was
carbohydrate (Table 3). PC1 scores in control and glyphosate+MCPA significantly differed
from that of the scalped areas (P<0.05) whereas no significant difference in PC2 scores was
evident among all treatment. PC3 and PC4 explained 9.5% and 8.3% of the total variation
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respectively but their scores did not significantly differ among all treatments; therefore, their
components were not presented.
4. Discussion
4.1. SOM dynamics
The scalped area had lower SOM than the herbicide and control plots as measured by WSOC,
WSTN, HWEOC, HWETN, MBC and MBN. Soil labile organic matter is considered to be
crucial for the maintenance of soil quality due to the effects on soil physical, chemical and
microbial properties (Laik et al., 2009). Weed control may reduce SOM due to decreased C
input for example from root exudates (Li et al., 2004; Ibell et al., 2010). Scalping physically
removed an important pool of SOM and had the lowest weed recovery during the 20 weeks
and reached less than 20% ground cover. This is likely to further affect SOM in the scalped
areas compared to the herbicide treated areas (Hosseini Bai 2012).
At week 20, there was no significant difference between the herbicide and control plots in
WSOC, HWEOC, MBC and MBN. Our results were consistent with those findings that
indicated no effect of herbicide on soil micro-organisms when applied at the recommended
field rates (Wardle and Parkinson, 1991; Busse et al., 2001; Lupwayi et al., 2004, 2007). Soil
respiration was significantly higher in the glyphosate treated area than the control plots in
week 1. Carbon dioxide evolved from soil respiration can be used as an indicator of soil
microbial activity due to decomposition of labile organic matter (Kaiser et al., 2010). Busse
et al. (2001) found a stimulation of soil microbial activity using glyphosate under laboratory
conditions increasing with increased glyphosate concentration, 10 days after treatment
application. This enhanced soil respiration shortly after applying glyphosate may due to byproducts of glyphosate decomposition acting as a source of C for soil microbes (Wardle and
Parkinson, 1990; Busse et al., 2001; Araújo et al., 2003). However, under field conditions,
Busse et al. (2001) found that the application of glyphosate did not impact soil microbial
activity and our results also suggest that single application of herbicides at field rates did not
impact soil organisms.
4.2. NH4+-N availability and PMN
NH4+-N showed significantly lower values at week 20 compared to week 1 in all treatments.
Decreased NH4+-N could be related to plant uptake and PMN reduction in all treatments at
week 20 compared to week 1. There was a significant linear regression between NH4+-N and
PMN (n=35, R2=0.40, P<0.05). Soil N mineralisation is responsive to land use, rainfall and
soil moisture and temperature (Zhang et al., 2008). Low temperature and soil moisture could
decrease N mineralisation (Gonçalves and Carlyle, 1994). In a trial, N mineralisation
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response to temperature and moisture was assessed under laboratory condition and N
mineralisation was affected by temperature more than by soil moisture (Jorge, 1997). There
was no significant difference in soil moisture between weeks 1 and 20 but temperature
dropped in April 2009 when week 20 samples were collected. This temperature reduction at
the end of the growing season may explain the lower PMN observed at week 20 relative to
week 1.
4.3. Soil microbial community functional diversity
There was no significant difference in C substrate utilisation among the treatments as
reflected by Shannon index (H') and AWCD. Shannon index (H') indicates bacterial species
richness and evenness in terms of C component utilisation (Zak et al., 1994). The use of
Biolog GN2 plates (as here) can discriminate among the treatments applied to soil (Huang et
al. 2008b; Lupwayi et al., 2009). In the present study, the lack of significant difference
between treatments may be due to a diverse choice of C compound utilisation by the bacterial
community (Li et al., 2004). Despite the fact that there was no significant difference in
AWCD and H' among the treatments, PCA clearly indicated that the C compound utilisation
by the bacterial community in the scalped area differed from the herbicide and control plots.
The difference observed in microbial community profiles in the scalped areas compared to
the other treatments could be explained by differences in microbial communities expected to
occur at differing soil depths (Wang et al., 2007) as would likely occur as a result of the top
soil being removed by scalping.
5. Conclusions
Scalping was a cost-effective method of site preparation reducing the need for repeated site
visits for weed control and reducing man-hours worked to one third relative to herbicide
application. Our results indicated that single application of herbicides at field rates did not
impact soil organisms but it did not effectively control weeds either. When weed competition
is considered to be the main limiting factor to revegetation establishment, scalping could be
used to reduce the burden of weeds on young plants. However, removal of the topsoil will
result in loss of C and organic matter. In revegetation areas, this treatment only needs to be
applied once and the organic matter removed from the soil will be replaced through litter
cycling once canopy closure is achieved. This procedure is not a sustainable practice in
plantation establishment particularly when establishing short rotation plantations and other
alternative methods should be employed to address this issue.
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Table 1: Effect of various weed control methods and time after establishment in a revegetation trial in subtropical Australia. Means followed by the same lower case
letters at each sampling week within same column are not significantly different at the P<0.05.
Parameters
Week 1
Control
Glyphosate
Glyphosate and
MCPA
Scalping
Week 20
Control
Glyphosate
Glyphosate and
MCPA
Scalping
Sampling weeks

Soil moisture (%)
21ab
28a
24a
15b

26a
25a
21a
14b
P=ns

WSOC (µg g-1)

WSTN (µg g-1)

HWEOC (µg g-1)

HWETN (µg g-1)

505bc
658a

26b
42a

1753ab
2058a

109a
117a

520b

34ab

1832a

104a

425c

10c

1055b

39b

326a
320a

26bc
58a

2068a
1790a

172a
150a

286a

42ab

1579a

141a

237a

15c

755.4b

46b

P<0.05

P<0.05

15

P=ns

P<0.05

Table 2: Effect of various weed control methods and time after establishment in a revegetation trial in subtropical Australia. Means followed by the same lower case
letters at each sampling week within same column are not significantly different at the P<0.05.
Parameters
MBC
MBN
Soil respiration
(µg CO2-C g-1 7day-1)
NH4+-N (µg g-1) PMN (µg g-1)
Week 1
Control
561a
102ab
65ab
113b
490a
Glyphosate
571a
110ab
76a
170a
463a
Glyphosate and MCPA
318b
114a
81a
119b
344ab
Scalping
213b
50b
54b
66c
208b
Week 20
Control
Glyphosate
Glyphosate and MCPA
Scalping
Sampling weeks

529a
416a
392a
193b
P=ns

62a
57a
45a
20b

141a
83b
79b
33c

P<0.05

P<0.05

16

62a
50a
47a
16b
P<0.05

443a
364a
323a
110b
P<0.10

Table 3: Substrates with high correlation coefficient for PC1 and PC2 extracted from PCA of
substrate utilisation patterns in the presence of the glyphosate, glyphosate + MCPA, top soil removal
(scalping) and control.
PC1
r
Carbohydrate
N-Acetyl-D-Galactosamine
D-Galactose
m-Inositol
D-Mannitol
D-Trehalose

-0.62
0.68
0.79
0.68
0.65

Carboxylate
D-Glucosaminic Acid
beta-Hydroxybutyric acid
gamma-Hydroxybutyric Acid
Itaconic Acid
alpha-Ketoglutaric Acid
Propionic Acid
Quinic Acid
D,L-Carnitine

0.97
0.83
0.65
0.83
0.69
0.79
0.64
0.62

Amino acid
D-Alanine
L-Alanine
L-Asparagine
L-Aspartic Acid
L-Glutamic Acid
L-Leucine
L-Proline
L-Pyroglutamic Acid
L-Serine
2-Phenylethylamine

0.94
0.79
0.88
0.85
0.78
0.66
0.80
0.95
0.63
0.84

Alcohol
2-Aminoethanol

0.79

PC2
Carbohydrate
D-Arabitol
D-Cellobiose
D-Fructose
L-Fucose
Gentiobiose
alpha-D-Glucose
L-Rhamnose
D-Gluconic Acid
D-Saccharic Acid

0.60
0.63
0.78
0.72
0.68
0.77
0.71
0.76
0.60

Carboxylate
D,L-Lactic acid

0.61

Amino acid
Hydroxy-L-Proline

-0.79
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Figure 1: Monthly rainfall (grey bars) and maximum daily temperature (close rhombus) from
December 2008 to April 2009 at the field site.
Figure 2: Kinetics of average well colour development (AWCD) in soil samples at Week 1
in the control (open rhombus), glyphosate (open rectangular), glyphosate+MCPA (open
triangular) and scalping (cross).
Figure 3: Principal component analyses (PCA) of substrate utilisation patterns of control
(open triangular), glyphosate (butterfly), glyphosate+MCPA (star) and scalping (open circle)
at Week 1.
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