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Abstract
Purpose Soil carbon (C) and nutrient pools under different
plantation weed control and fertilizer management treat-
ments were assessed in a 7-year-old, F1 hybrid (Pinus
elliottii var. elliottii × Pinus caribaea var. hondurensis)
plantation in southeast Queensland, Australia. This research
aimed to investigate how early establishment silvicultural
treatments would affect weed biomass, soil C, nitrogen (N)
and other nutrient pools; and soil C (δ13C) and N isotope
composition (δ15N) to help explain the key soil processes
regulating the soil C and nutrient pools and dynamics.
Materials and methods Soils were sampled in June 2006 in
both the planting row and in the inter-planting row at three
depths (0–5, 5–10, and 10–20 cm). Soil parameters
including total and labile C and N pools; soil δ13C and
δ15N; total phosphorus (P); extractable potassium (K);
moisture content and weed biomass were investigated.
Results and discussion The luxury weed control treatments
significantly reduced weed biomass and its organic residues
returned to the soil in the first 7 years of plantation
development. This resulted in significant variations at some

depths and positions in soil δ13C, δ15N, extractable K, hot
water extractable organic C (HWEOC), hot water extract-
able total N (HWETN), potentially mineralizable N (PMN),
and soil moisture content (MC). Luxury weed control in the
absence of luxury fertilization also significantly decreased
extractable K. There was a significant interaction between
soil depth and sampling position for soil total C, total N,
HWEOC, and HWETN. Weed biomass correlated positive-
ly with soil total N, δ13C, PMN, MC, HWEOC, and
HWETN.
Conclusions Luxury weed control treatments significantly
reduced weed biomass leading to a reduction of soil organic
matter. Soil δ13C and δ15, together with the other soil labile
C and N pools, were sensitive and useful indicators of soil
C dynamics and N cycling processes in the exotic pine
plantation of subtropical Australia.
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1 Introduction

The early establishment period of forest plantation develop-
ment provides an opportunity for plantation managers to
maximize growth by controlling competition and maximizing
access to nutrient and water resources (Neary et al. 1990).
Weed control and fertilization are important management
practices that allow plantation managers to achieve produc-
tion outcomes (Mead 2005; Wagner et al. 2006). The success
and extent of practices applied at early establishment depend
largely on the management objectives and the controlling
economic factors (Keeves 1966; Wagner et al. 2006). Despite
the reasons for the plantation management decisions,
sustaining and investigating the soils productive capacity
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has become a priority which is now formally endorsed
around the world by the plantation certification, forestry
standards, and global climate change research (Weil and
Magdoff 2004; Xu and Chen 2006). The effects of weed
control and fertilization to maximize growth and encourage
the efficient use of nutrients could therefore be summarized
not only by their contribution to the plantation productivity
but also by how they affect soil processes during the early-
age, establishment phase (Smethurst and Nambiar 1989;
Woods et al. 1992), as has been done in the past with other
forest management practices (Vitousek and Matson 1984; Xu
et al. 2008, 2009). Contemporary research on this subject
shows a complexity of results due to the nature of soils
(Jobbagy and Jackson 2001). It is well accepted globally that
land-use change, such as the conversion of abandoned
pastures to forest plantations, or establishment of a second
rotation plantation can have significant influences on soil C
and nutrient dynamics (Chen et al. 2004; Echeverria et al.
2004). Plantation establishment, whether native or exotic
pine plantations, has been shown to influence soil C status
when established on abandoned or improved pastures (Guo
and Gifford 2002; Paul et al. 2002; Chen et al. 2004).
Previous land-use and management practices have also been
shown to influence N transformations in soil and their
associated δ15N natural abundances (Watson and Mills 1998;
Burton et al. 2007; Huang et al. 2008; Pan et al. 2008, 2009)
while deforestation and agricultural pursuits can reduce soil
organic matter (SOM) recycling and alter SOM chemical
composition (Solomon et al. 2002; Mathers et al. 2003;
Ussiri and Johnson 2007).

Sustainable management of plantation soils occurs where
management practices maintain, increase, or slow SOM
decomposition rates (Swift 2001; Weil and Magdoff 2004).
For example, maintaining SOM inputs into soils ensures
that soils are capable of storing nutrient resources in stable,
less mineralizable forms (Swift 2001; Jandl et al. 2007).
SOM is responsible in part, for the binding of soil particles,
increasing their structure and porosity which leads to an
increase in the soils ability to cycle nutrients and hold plant
available water (Ghani et al. 2003; Chantigny 2003). One
concept of SOM is that it is divided into a number of
fractions which includes labile, intermediate, and passive
pools. N availability, microbial biomass community struc-
ture, gross N mineralization, and C:N ratio can each be
influenced by the presence of the light-fraction organic
matter which forms a part of the labile C fraction (Cookson
et al. 2005). Labile C fractions as measured by hot water
extractable organic C (HWEOC) are a useful indicator of
soil fertility because they are responsive to short-term
management practices (Sparling et al. 1998; Ghani et al.
2003). Labile C has also been identified as indicators of soil
productivity, microbial activity, and sustainable land man-
agement practices (Franzluebbers et al. 1996; Vance 2000).

This research has focused on both total and labile C and
(N, along with soil δ13C and δ15 as indicators of soil C
dynamics and N cycling processes in an exotic pine
plantation of subtropical Australia. Increased SOM (plant,
root, and microbial) decomposition and C4 photosynthetic
plant compositions above-ground, can also influence δ13C
in soils (Balesdent et al. 1987; Ehleringer et al. 2000) and
so the status of soil organic C and δ13C can provide an
understanding of C cycling resulting from forest manage-
ment practices (Xu et al. 2008, 2009). Paul et al. (2002)
found from comparing a number of studies on soil C and
land-use that weed control and fertilization could influence
the rate of soil C decomposition when pastures or ex-
cropping lands were converted to forest plantations.
Simpson et al. (2004) looked at the effects of weed control
and residue retention over time and found that residue
retention could improve tree growth and weed control could
influence soil fertility during second rotation, on coastal,
sandy soils of low fertility. They also surmised that luxury
weed control was neither financial nor environmentally
acceptable as a current management practice.

Despite this, results presented here offer a unique oppor-
tunity to understand how soil δ13C and δ15N dynamics
change with C and N pools as well as other nutrient
parameters as a result of effects of weed control and
fertilization. To build on previous studies, this study
therefore aimed to investigate the manner in which weed
control and fertilization practices at early establishment
influenced soil C pools, including δ13C, N pools and δ15N
in a 7-year-old exotic pine plantation. This study also aimed
to quantify the effects of weed control and fertilization on the
other nutrient pools (extractable K and total P). With
approximately 64% of the 135,000 hectares of exotic pine
plantations in southeast Queensland grown on coastal soils
typically low in both N and P and considering the length of
time to harvest (up to 25 years), this study aimed to highlight
how early establishment weed control and fertilization
treatments would influence soil C dynamics and N cycling
processes on these sites. The hypotheses that were tested
included: (1) weed biomass and weed composition could be
influenced by weed and fertilization treatments; (2) soil C
and nutrient pools could be influenced by weed control and
fertilization treatments; and (3) soil δ13C and δ15N could be
influenced by changes in soil C and N processes occurring as
a result of weed control and fertilization treatments.

2 Materials and methods

2.1 Site description

This experiment was established in 1999 by Forestry
Plantations Queensland (FPQ). It was developed as a
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complete randomized block design. The experimental plots
are located across compartments 207, 208, and 217 in
Toolara State Forest, in southeast Queensland, Australia
(26°1.556′S, 152°48.81′E). The region has a subtropical
climate with an average annual rainfall of 1,222 mm. The
mean monthly rainfall and maximum temperatures for
Toolara Forest Station are shown in Fig. 1. The local area
experiences an average, daily relative humidity between
54% and 76%. Regional soil types are classified as
kandosols and hydrosols (Isbell 1996). Localized soil types
vary from gray podzolics through to yellow earths but are
generally dominated by gray podzolics. Soil particle size
analysis indicated that texture was predominantly sandy
(78–79%) while pH was relatively acid at 4–4.3 (Table 1).
The dimensions of the experimental plots were ten rows×
16 trees, at 5 m×2.4 m spacing and planted at 888 trees/
ha. Gross plots are approximately 0.19 ha. Sixteen plots
were selected for this research out of the total experimen-
tal area (9.7 ha). The plots represent four treatments: (1)
routine fertilizer plus routine weed control (RF+RWC); (2)
routine fertilizer plus luxury weed control (RF+LWC); (3)
luxury fertilizer plus routine weed control (LF+RWC); and
(4) luxury fertilizer plus luxury weed control (LF+LWC)
and were replicated four times each.

2.2 Site preparation and planting

All plots were strip-plowed in December 1998. The
cuttings were set in October 1998 and planted out when
soil moisture was suitable in May 1999. Ten high-growth
performance clones (containerized cuttings) of Pinus
elliottii (var. elliottii) × Pinus caribaea (var. hondurensis)
F1 hybrid were used in each plot.

2.3 Weed control and fertilizer treatments

Routine weed control treatments were applied in accor-
dance with FPQ routine practice in coastal exotic

plantations, which stipulates that weed cover should not
exceed an average of 20% during the first 9 months in the
planting rows. The luxury weed control treatment was
applied across the whole plot. Table S1 (see Electronic
Supplementary Material) shows a summary of the weed
control and fertilizer treatments. Luxury weed control
treatment differed from the routine application by fre-
quency of application. The fertilizer treatments were
applied as a band application in July 1999. Routine
fertilizer was applied as mono-ammonium phosphate
(MAP) at the rate of 226 kg ha–1 and was reported to
provide 10% N and 21.9% P. In addition to the MAP, the
luxury fertilizer treatment included a special blend of K
and micro-nutrients at a distance of approximately 20 cm
from the base of each tree. The luxury fertilizer treatment
was intended to encourage maximum growth rates without
the growth deformities as a result of excessive N
fertilization (Woods et al. 1992).

2.4 Soil sampling and analyses

Soils were sampled in June 2006 in both the planting row (PR)
and in the inter-planting row (IPR) to three depths (0–5, 5–10,
and 10–20 cm). Soil was collected using a 10 cm diameter soil
auger at five random locations within each plot and bulked for
each soil depth. This equals one composite soil sample at each
depth for each plot, totaling four composite soil samples at
each depth for each treatment. Soil samples were refrigerated
after sampling and maintained at ∼4°C until processing. Field
moist samples were used for ammonium (NH4

+-N), nitrate
(NO3

−-N) and potentially mineralizable N (PMN) measure-
ments using the KCl extraction and incubation method of
Keeney (1980). Analysis was carried out using a SmartChem
SC200 discreet chemistry analyzer. Soil moisture content
(MC) was performed by oven drying field moist samples to a
constant weight (Rayment and Higginson 1992). The
NH4

+-N and NO3
–-N results were adjusted for water content.

HWEOC and HWETN extracts were prepared using the
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method of Sparling et al. (1998) and Chen and Xu (2005)
where 5.0 g (dry weight equivalent) of fresh soil was mixed
with 30 mL of distilled water in polypropylene tubes and
incubated in a hot water bath at 70°C for 18 h. At the
completion of the incubation, the tubes were inverted on an
end-over-end shaker for 5 min and then placed in a
centrifuge at 2,000 rpm for 20 min. The tubes were
centrifuged for another 10 min at 10,000 rpm before filtering
through Whatman 42 filter papers into 70 mL containers.
Finally, the extract was passed through a 0.45-µm filter
membrane before 25 mL of the extract was decantered for
analysis using a Shimadzu TOC-VCSH/CSN total organic C
and total N analyzer.

All other analysis required soil sub-samples to be ground
on a puck and mill grinder including total C and N, δ13C,
δ15N, total P, and extractable K. Total C and N, δ13C, and
δ15N were determined on a GVI Isoprime Mass Spectrom-
eter (Manchester, UK) with a Eurovector elemental analyz-
er (Milan, Italy). Total P was analyzed using a perchloric/
nitric acid digestion (Olsen and Sommers 1982). The
supernatant was measured by colorimetric determination
on a UV-160A Shimadzu, UV Visible Recording, Spectro-
photometer at 880 nm. Extractable K was carried out using
an acetic acid extraction method and determined using a
flame atomic absorption spectrophotometer (ASS; Avanti,
GBC Sigma; Knudsen et al. 1982). A series of soil
reference samples for total P and extractable K was sent
for analysis to two external, independent laboratories to
check the accuracy of P and K analysis and used as
reference samples. All other analyses were carried out at
Griffith University, Nathan, Queensland.

2.5 Understorey biomass sampling

Five 0.25-m2 quadrates were used to collect understorey
biomass from each of the four treatment replicates. The
biomass was collected from the inter-row sampling position
using the method of Mannetje and Haydock (1963). The

samples were stored at 4°C until sub-sampling and then
separated into plant types and pine litter (including debris)
and dried in an oven at 65°C for 24 h prior to weighing
each sample. The mass of the weed biomass and pine litter/
debris from the five quadrates per plot were summed and
converted from grams per sampling area to tonnes per
hectare. Treatment means were then calculated and ana-
lyzed. When accounting for total understorey biomass two
divisions of the understory components were made. These
were (1) pine litter/debris which included leaf litter, bark
and branch, cones and duff (horizon above the mineral soil
layer) and (2) weed biomass sorted in generalized life
forms. These life forms included dried litter (predominantly
blady grass litter), herbaceous weeds (Bidens spp., etc),
native grasses (barbed wire grass), (green) blady grass
(Imperata cylindrica), pasture grasses (Paspalum spp., etc),
Lomandra spp., native shrubs (Acacia spp., Hakea spp.,
Doodenia spp.), exotic shrubs (Baccharis spp.), pine
seedlings (Pinus spp.), grass trees (Xanthorrhoea spp.),
vines (various), and swamp grasses.

2.6 Statistical analysis

Statistical analysis was carried out using combinations of
factorial and general ANOVAs and Fisher’s least significant
difference (LSD) for pair-wise comparisons (treatment and
treatment×position). Bonferroni analysis was used where
significant means were compared to more than two means
(depth, depth×position, and interactions). Analysis was
done using GenStat version 11.1 (VSN International Ltd.
2008). Statistical analysis included three factors, sampling
positions, sampling depths, and treatments. Sampling
positions were divided into planting row (PR) and inter-
planting row (IPR), with three sampling depths (0–5, 5–10,
and 10–20 cm) and four treatments (RF+RWC, RF+LWC,
LF+RWC, and LF+LWC). Correlations were undertaken
between the weed biomass and the soil parameters and were
assessed for pooled depths (0–5, 5–10, and 10–20 cm) and
pooled positions (PR and IPR) at each depth using the
Spearman correlation coefficient. Primer 6 (Clarke and
Gorley 2005) was used to summarize the patterns between
the composition of weed biomass and environmental
variables. This included tests such as multidimensional
scaling (MDS), Anosim (permutation-based hypothesis
testing between groups), and SIMPER (to assess the
differences between the weed biomass compositions
within each treatment). Principal component analysis
(PCA) was used to identify the inter-relationships between
soil parameters at the 0–5-cm depth at both positions
because it was expected this would be the most dynamic
soil depth. Soil parameters were range-standardized and
the weed biomass data were log-transformed prior to
multivariate analysis.

Table 1 Particle size analysis and pH in the top 20 cm soil profile of
the experimental site in a 7-year-old plantation of the F1 hybrid
between Slash pine and Caribbean pine in southeast Queensland,
Australia

Particle size Depth (cm)

0–5 5–10 10–20

Clay <2 µm (%) 11.0±(2.7)a 12.0±(1.9) 12.5±(2.2)

Silt 2-50 µm (%) 9.0±(0.9) 10.0±(0.6) 9.0±(2.2)

Sand 50-2000 µm (%) 79.0±(2.3) 78.0±(1.5) 78.0±(0.0)

pH (0.01M CaCl2) 3.98±(0.05) 4.10±(0.02) 4.30±(0.02)

Values are means (n=4)
a Standard errors are indicated in brackets after percentages.
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3 Results

3.1 Weed biomass and composition

Multidimensional scaling of weed compositions by
biomass indicated that the four treatments formed two
significantly different groups. Group 1 (RF+RWC and
LF+RWC) consisted predominantly of a mix of dried
and green blady grass (Imperata spp.), shrubs and
native grass biomass while Group 2 (RF+LWC and
LF+LWC) consisted of a mixture of native grass, pine
seedlings and herbaceous weeds (Table S2, see
Electronic Supplementary Material). Group 1 consisted
of RF+RWC and LF+RWC treatments which had
approximately 8.38 and 6.45 t ha–1 of weed biomass
respectively (Table S3, see Electronic Supplementary
Material). Group 2 consisted of RF+LWC and LF+LWC
treatments which had approximately 0.03 and 0.06 t ha–1

of weed biomass, respectively. The Anosim global R test
revealed that weed compositions were significantly
different and that it was the LF+RWC treatment that
varied in composition from the RF+LWC and LF+LWC
treatments (p<0.05). In addition to weed biomass each
treatment had a layer of pine needle litter and woody
biomass (branches and cones) which attributed approx-
imately ∼6 t ha−1 of understorey cover. The exception
was for the RF+LWC treatment which had ∼11 t ha−1

although this was shown to be not significantly different
from the other treatments (Table S3, see Electronic
Supplementary Material).

Principal component analysis (PCA) was used to
investigate the inter-relationships within soil parameters.
In the planting row at the 0–5 cm depth, PC 1, 2, 3
and 4 explained 82.2% of the total variation in the soil
parameters. PC1 at this position and the soil depth
contributed to the 38.9% of the total variation and
consisted of predominantly soil total C, N and NH4

+-N.
PC2 contributed to the 20.0% of the variation and
consisted of NO3

–-N, HWEOC, and HWETN. PC3
contributed 12.8% and consisted of soil NO3

–-N, PMN
and total P. PC4 contributed 10.5% and consisted of C:N
ratio and total P. At the 0–5-cm depth in the inter-planting
row, results indicated that PC1, 2, 3, and 4 contributed to
the 84.3% of the total variation. Of this variation, PC1
contributed to the 37.2% of the variation in the soil
parameters and consisted of predominantly of total C,
HWETN, and extractable K. PC2 contributed to the
22.3% of the variation and consisted of NO3

–-N and soil
total P while PC3 contributed to the 16.5% of the total
variation in the soil parameters and consisted of δ15N,
NO3

–-N, and PMN. PC4 at the 0–5 cm depth in the inter-
planting row contributed 8.3% and consisted of C:N ratio
and NO3

–-N.

3.2 Effect of sampling depth and position
on soil parameters

There was an interaction of sampling depth and position for
soil total C, total N, HWEOC, and HWETN, where each of
these parameters decreased with soil depth (Table S4, see
Electronic Supplementary Material). Soil δ13C, δ15N, C:N
ratio, total P, extractable K, NH4

+-N, NO3
–-N, PMN, and

MC were significantly different for soil depth when
sampling positions were pooled (Table S5, see Electronic
Supplementary Material). Soil δ13C, δ15N, NH4

+-N,
NO3

–-N all increased with soil depth while C:N ratio, total
P, extractable K, and PMN decreased with depth. Soil total
P varied significantly between the two sampling positions
at the 0–5 cm depth in the LF+LWC treatment (p≤0.05)
and at the 5–10 cm depth in the RF+RWC treatment (p<
0.05; Table 2). In both cases, soil total P was higher in the
planting row. HWEOC showed a significant effect of sampling
position in the RF+RWC (p<0.05), LF+RWC (p≤0.05), and
LF+LWC (p<0.05) treatments at the 0–5 cm depth. HWETN
showed a similar response for position and both HWEOC and
HWETN were higher in the inter-planting row (see Table 2).
Soil moisture content was significantly higher in the inter-
planting row at 5–10 cm in the LF+RWC treatment while
NH4

+-N showed a significant effect of sampling position at
the 5–10 cm depth in the RF+LWC treatment (see Table 2).

3.3 Effects of treatments on soil parameters

There were significant main effects of the weed control
treatments at the 0–5 cm depth in the planting row, on soil total
HWEOC and HWETN; total N and δ13C, and in the inter-
planting row on HWEOC, HWETN and moisture content,
soil δ13C and δ15N, extractable K, PMN at the 0–5 cm depth
(p<0.05; see Tables 2 and Table 3). There was a significant
interaction between the luxury fertilizer and luxury weed
control treatment for soil extractable K in the planting row at
the 0–5 cm depth. There were significant main effects of the
fertilizer treatments at the 0–5 and 5–10 cm depth on soil
δ13C in the planting row (p<0.05; see Table 3).Weed control
treatments were significantly different at the 5–10 cm depth
in the planting row for moisture content and PMN (p<0.05)
where both MC (see Table 2) and PMN (see Table 3) were
higher in the routine weed control treatments. Weed control
treatments were significant at the 5–10-cm depth in the inter-
planting row for HWEOC, moisture content, soil δ13C, δ15N,
extractable K, and PMN (p<0.05). There was a significant
interaction of luxury fertilization and luxury weed control for
both soil C:N ratio in the inter-planting row at the 5–10 cm
depth which reduced the C:N ratio and for extractable K in
the planting row at 0–5 cm depth where extractable K was
lowest as a result of routine fertilization and luxury weed
control (see Table 3).
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3.4 Correlations of soil parameters and weed biomass

At pooled sampling positions and soil depths, there
were significant positive correlations between soil total
C and N (Fig. 2a) and between HWEOC and HWETN
(see Fig. 2b; see Table S6, Electronic Supplementary
Material). Significant negative correlations existed be-

tween soil total C and δ15N (Fig. 3a), soil total N and δ15N
(see Fig. 3b); between HWEOC and δ 15N (Fig. 4a); and
between HWETN and δ15N (see Fig. 4b). There were also
significant correlations between soil total C and extract-
able K, and between soil total N, and extractable K
(Fig. S1a and S1b, see Electronic Supplementary Material)
when the sampling positions and depths were pooled (see

Table 2 Total phosphorus (P), hot water extractable total organic carbon (HWEOC), hot water extractable total nitrogen (HWETN), nitrate (NO3
−-N),

and moisture content (MC) in the 0–10 cm soil profile under different management practices at early establishment of an exotic pine plantation

Treatments Total P (mgkg−1) HWEOC (mgkg−1) HWETN (mgkg−1) NO3
−-N (mgkg−1) MC (%)

Fertilizer Weed control PR IPR PR IPR PR IPR PR IPR PR IPR

0–5 cm

RF RWC 89.95 71.5 313.8a B 459.5a A 10.30a B 16.30a A 6.92 9.86a 1.28 1.32

RF LWC 68.3 61.1 259.2b 324.3b 9.08b 12.21b 6.22 7.11b 0.64 0.87

LF RWC 76.3 49.4 347.3a B 501.2a A 13.12a B 18.37a A 7.67 9.65a 1.13 2.42

LF LWC 76.7A 44.1B 249.5b B 314.6b A 8.04b B 12.32b A 6.47 6.76b 0.98 1.54

5–10 cm

RF RWC 71.1A 46.8B 268.1 312.3a 8.04B 11.07A 8.15a 8.57a 2.00 1.56

RF LWC 66.4 56.6 272.7 236.1b 11.15 8.83 6.47b 6.96b 0.84B 1.52A

LF RWC 67.8 50.5 317.2 293.3a 11.64 10.92 8.01a B 8.61a A 1.53 2.27

LF LWC 66.7 41.1 222.5 240.2b 6.41 8.52 7.19b 7.43b 1.24 1.42

Treatments are: routine fertilizer plus routine weed control (RF+RWC); routine fertilizer plus luxury weed control (RF+LWC); luxury fertilizer
plus routine weed control (LF+RWC); and luxury fertilizer plus luxury weed control (LF+LWC). Sampling positions are from the planting row
(PR) or the inter-planting row (IPR). Values are means (n=4). Where values are followed by different lower-case letters for each soil depth, this
indicates that treatment means are significantly different from each other (p<0.05). Where values are followed by different capital letters, this
indicates that sampling position means are significantly different (p<0.05)

Table 3 Total nitrogen (N), carbon (C) and N isotope compositions (δ13C and δ15N), extractable potassium (K), potentially mineralizable N
(PMN) and C:N ratio in the 0-10 cm soil profile under different management practices at early establishment of an exotic pine plantation.
Treatments are: routine fertilizer plus routine weed control (RF+RWC); routine fertilizer plus luxury weed control (RF+LWC); luxury fertilizer
plus routine weed control (LF+RWC); and luxury fertilizer plus luxury weed control (LF+LWC). Sampling positions are from the planting row
(PR) or the inter-planting row (IPR). Values are means (n=4)

Total N
(%)

δ13C (‰) δ15N (‰) Extractable K
(cmol kg−1)

PMN
(mg kg−1)

C:N ratio

Fertilizer Weed control PR IPR PR IPR PR IPR PR IPR PR IPR PR IPR

0–5 cm

RF RWC 0.039 a 0.057 −26.9 ba −26.8 a 2.05 1.60 b 0.063 a 0.068 8.70 10.9 a 37.9 41.6

RF LWC 0.032 b 0.043 −27.3 bb −27.2 b 2.22 1.85 a 0.043 b 0.045 5.89 6.58 b 37.7 38.9

LF RWC 0.044 a 0.056 −25.9 aa −26.4 a 1.67 0.92 b 0.065 a 0.075 8.94 10.9 a 37.7 38.4

LF LWC 0.031 b 0.044 −26.9 ab −27.3 b 2.82 2.04 a 0.063 a 0.066 5.47 6.53 b 41.1 40.7

5–10 cm

RF RWC 0.035 0.048 −26.7 b −26.5 a 2.28 1.79 b 0.056 0.058 a 8.97 a 9.41 a 36.6 41.1 a

RF LWC 0.039 0.032 −26.8 b −26.8 b 2.42 3.37 a 0.055 0.040 b 4.21 b 5.67 b 36.5 33.7 b

LF RWC 0.038 0.038 −26.0 a −25.9 a 1.72 1.77 b 0.062 0.059 a 9.28 a 10.4 a 36.1 35.4 b

LF LWC 0.031 0.034 −26.6 a −26.8 b 2.74 2.18 a 0.050 0.055 b 4.54 b 6.22 b 38.1 35.9 ab

Where values are followed by different lower-case letters for each soil depth, this indicates that treatment means are significantly different from
each other (p<0.05)

Table 3 Total nitrogen (N), carbon (C) and N isotope compositions
(δ13C and δ15N), extractable potassium (K), potentially mineralizable
N (PMN) and C:N ratio in the 0-10 cm soil profile under different
management practices at early establishment of an exotic pine
plantation. Treatments are: routine fertilizer plus routine weed control

(RF+RWC); routine fertilizer plus luxury weed control (RF+LWC);
luxury fertilizer plus routine weed control (LF+RWC); and luxury
fertilizer plus luxury weed control (LF+LWC). Sampling positions are
from the planting row (PR) or the inter-planting row (IPR). Values are
means (n=4)
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Table S6, Electronic Supplementary Material). Correla-
tions also existed between the soil parameters at the
0–5-cm depth when sampling positions were pooled,
particularly between soil moisture content and soil
total C (/total N/extractable K and NH4

+-N); PMN, soil
total C and total N were each correlated to HWEOC and
HWETN (Fig. 5); and soil moisture content was
correlated to soil total C, N (Fig. S2, see Electronic
Supplementary Material), and extractable K (Table S7,
see Electronic Supplementary Material). At the 5–10-cm
depth with pooled sampling positions, soil total C, and
total N were highly correlated to soil extractable K
(/HWEOC/HWETN) while PMN was also correlated
with soil moisture content (Table S8, see Electronic
Supplementary Material). At the 10–20 cm depth, soil
total C and N were correlated to extractable K (HWEOC/
HWETN/ soil total P and soil moisture content) while
soil δ13C was correlated to soil total P(/total C/HWEOC
and HWETN; Table S9, see Electronic Supplementary
Material).

When weed biomass (tonnes per hectare) was correlat-
ed to the soil parameters, at pooled soil depths and
sampling positions, weed biomass was significantly and
positively correlated to soil total N, δ13C, PMN, moisture
content, HWEOC, HWETN, and extractable K, but
negatively correlated to soil NO3

–-N (see Table S6,
Electronic Supplementary Material). At the 0–5-cm depth
with the pooled sampling positions, weed biomass was
positively correlated to total N, soil δ13C, PMN, moisture
content, HWEOC and HWETN but was not correlated to
soil NO3

–-N (see Table S7, Electronic Supplementary
Material). At the 5–10 cm depth with the pooled sampling
positions, weed biomass was positively correlated to
PMN, moisture content, HWEOC, and extractable K, but
was negatively correlated to NO3

–-N (see Table S8,
Electronic Supplementary Material). At the 10–20-cm
depth with the pooled sampling positions, only soil
moisture content was significantly and positively
correlated to the weed biomass (see Table S9, Electronic
Supplementary Material).
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Fig. 2 Relationships between: a total carbon (C%) and total nitrogen
(N%) (n=92, p=<0.001); and b between hot water extractable
C (HWEOC) and hot water extractable total N (HWETN; n=92, p<
0.001) at pooled soil sampling depths and positions under different
weed control and fertilization treatments
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Fig. 3 Relationships between: a total carbon (C%) and nitrogen (N%)
isotope composition (δ15N‰; n=92, p<0.001); and b total N (%) and
δ15N (n=92, p<0.001) at pooled soil sampling depths and positions
under different weed control and fertilization treatments
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4 Discussion

4.1 Treatment effects on weed biomass and composition

Results indicated that weed biomass and weed composition
were influenced by weed control and fertilization treat-
ments as hypothesized (Hypothesis 1). The use of routine
weed control treatments with luxury fertilization showed
the greatest potential for biomass composition of C4 weeds.
The composition of C4 grasses alone can result in greater
SOM residues (Cheng et al. 2008) and increased δ13C of
plant residues recycling into the soil organic matter
fractions (Balesdent et al. 1987). Cheng et al. (2008)
discuss how C4 plants have a higher C:N ratio in their
biomass compared to C3 plants due to the increased rubisco
levels in the C4 plants. The variation in C:N ratios of C4

plants allow them to fix more C per unit weight and
therefore produce more biomass for cycling to the soils.
Other studies have also found that herbicide applications
have the potential to reduce C and N cycling as a result of
decreased residues returned to the soil and the reduction of

the quality of those residues (Vitousek et al. 1982; Locke
and Bryson 1997). In addition to the weed biomass, each
treatment also had a layer of pine needle litter and woody
biomass which would also be a significant contributor to
the nutrient recycling. Although this layer was not
significantly different between treatments there was a trend
for it to be higher in the routine fertilizer and luxury weed
control treatment which changes the predominant source of
residues returned to the soils in these treatments. These
results suggest that the choice of weed control management
has the potential to influence the amount of weed biomass
while luxury fertilization has the potential to influence the
composition of weeds growing and the subsequent residues
returned to the soil over the 7-year period.

4.2 Treatment and sampling effects on soil C pools,
δ13C and other related soil parameters

Results indicated that weed control and fertilization treat-
ments influenced soil C pools (Hypothesis 2) and δ13C
(Hypothesis 3). Routine weed control, when compared to
luxury weed control treatments, resulted in a significant
increase in weed biomass. This increase was associated
with a significant increase in soil δ13C at the 0–5- and
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Fig. 4 Relationships between: a hot water extractable organic carbon
(HWEOC; mg kg–1) and nitrogen (N) isotope composition (δ15N‰)
(n=92, p<0.001); and b hot water extractable total N (HWETN;
mg kg–1) and δ15N treatments (n=92, p<0.001) at pooled soil
sampling depths and positions under different weed control and
fertilization
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Fig. 5 Relationships between: a total carbon (C%) and hot water
extractable organic C (HWEOC; mg kg–1; n=32, p<0.001); and b
total nitrogen (N%) and hot water extractable total N (HWETN;
mg kg–1; n=32, p<0.001) at the 0–5 cm soil sampling depth under
different weed control and fertilization treatments
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5–10-cm depths in the inter-planting row and at the 0–5-cm
depth in the planting row. A number of reasons are offered
to explain why soil δ13C would differ as a result of weed
control treatments and sampling position. Ehleringer et al.
(2000) proposed that the most regularly observed trend
contributing to the progressive increase of δ13C in the SOM
was due to the increased soil microbial activity. Ehleringer
et al. (2002) indicate that soil bacteria and fungi constitute
an important component for nutrient cycling, and that they
are usually enriched in δ13C compared to the substrates
which they decompose. This leads to the increased soil
δ13C, where soil microbes are present. It has been
established that soil microbial processes are controlled not
only by pH, temperature, and soil moisture but also the
quality and quantity of available substrates (Franzluebbers
2004; He et al. 2005, 2006). The presence and degree of
this activity is limited primarily by the soil total C and N
pools available within the substrates (Mathers et al. 2003)
and this has been shown to decrease with soil depth due to
the depletion of C compounds (Schlesinger 1977). The
results for HWEOC and HWETN also support an increase
in microbial activity in soils under these treatments. The hot
water method used for labile C extraction removes a
component of microbial cells and the method has been
shown to correlate with microbial biomass C (Sparling et
al. 1998). The HWEOC results show a similar trend to soil
δ13C concentrations in the 0–10 cm soil depths in the inter-
planting row and in the 0–5 cm depths for the planting row.
The variation at sampling depth and position could be due
to the presence or absence of weed roots in the weed
control treatments. The increase in HWEOC and δ13C in
the routine weed control treatments seems to indicate an
increase of microbial activity as a result of the increased
litter, roots, and detritus available for decomposition,
although further investigation of microbial activity is
warranted to confirm this.

On the other hand, Balesdent et al. (1987) attribute
relative proportions of 12C/13C in organic matter, to the
plant material it is derived from, resulting in the labeling of
organic matter δ13C content dependent on its origins from
either C3 or C4 vegetation types. The less negative or δ13C
enrichment in soils under the routine weed control treat-
ments could also be related to the organic matter being
enriched with δ13C from C4 residues growing in these
treatments. The results presented here show that the most
significant contribution to soil C and N dynamics was as a
result of the increased above-ground residues from the
routine weed control treatments even though the experiment
was only 7 years old at sampling. Wedin et al. (1995) found
that δ13C changes were small but significant after 2 years
when four grass species were introduced into an oak
savannah. The grass litter in their study reportedly lost
70% of its initial mass over the 2 years. In addition, the

δ13C signatures shifted for both C4 and C3 grasses during
decomposition by −1.5‰ and +0.6‰ respectively. Wedin
et al. (1995) concluded that the shifts in δ13C were the
result of soil organic C mixing with residual C from fungal
and microbial activity formed on litters from both C3 and
C4 sources. Oelbermann and Voroney (2007) found a shift
in soil δ13C from that typically recorded for C4 vegetation
(long-term pasture site) to one representative of C3

vegetation after 13 years of inter-cropping with predomi-
nantly C3 plants.

Cheng et al. (2008) found that increasing residual inputs
from the introduced Spartina alterniflora (a C4 plant) onto
Yangtze River wetlands in China after 8 years, had shown a
clear shift from the original Scirpus mariqueter (a C3 plant)
δ13 C values to that typical of a C4, δ

13C isotope signatures.
These examples of how δ13C is affected by vegetative litter
sources can alter the soil organic matter δ13C values over
relatively short time frames, give evidence to support the
reasoning that residual inputs from the C4 grass litters could
have decomposed enough in 7 years for the soil organic C
to be enriched by the C4 δ13C. This is also supported by
significant positive correlations of total weed biomass to
soil δ13C, total N, HWEOC, HWETN, PMN, and soil
moisture content, suggesting that as weed biomass (plant
residues) increased so did the magnitude of these parame-
ters. Although results showed only small shifts in δ13C
isotope signatures (approximately −0.05‰ to 0.1‰) in the
soil under routine weed control treatments, the differences
were statistically significant. Unfortunately, the determina-
tion of δ13C values for each plant type was outside the
scope of this research, the predominant species (Pinus spp.
and Imperata spp.) photosynthetic groups have been
reported in other literature (Chmura and Aharon 1995).
There was also a change in δ13C with soil depth. Changing
δ13C with depth is explained by Cheng et al. (2008) and
Jobbagy and Jackson (2000) as an effect of increased root
biomass and residues from their decomposition in the upper
soil layers. Jobbagy and Jackson (2000) also suggest that
SOM accumulation with depth was not only a function of
the above-ground vegetation contributing to the residues
but also the interaction between soil texture, type of C
present, and precipitation.

Soil δ13C in the planting row was also influenced by the
main effect of fertilizer at the 0–5- and 5–10-cm depths. At
this position and these depths, the δ13C was more enriched
as a result of luxury fertilization (approximately +0.35).
The effect of luxury fertilization on δ13C was limited to the
planting row where it was applied. Schlesinger (1977) and
Alvarez (2005) suggest that nitrate fertilization can increase
soil C but only when the residues of the increased plant
biomass are returned to the soil. Girvan et al. (2004) found
that the use of fertilizers had the potential to increase
microbial biomass and facilitate shifts in the microbial
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communities. If this were so, we would expect a similar
response to fertilizer treatments from HWEOC in the
planting row, and this was not the case.

4.3 Treatment and sampling effects on soil N pools, δ15N,
and other related soil parameters

Results indicated that weed control and fertilization treat-
ments also influenced soil N pools (Hypothesis 2) and δ15N
(Hypothesis 3). Routine weed control was also associated
with the significant differences found in soil moisture
content, PMN, and HWETN at the 0–5-cm depth in the
inter-planting row and total N in the planting row. PMN is
influenced by soil moisture and temperature and therefore
their increase may lead to greater N mineralization. Routine
weed control provided a soil mulching effect which could
have decreased evaporation and reduced temperature
variation from the soil surface prior to the time of sampling.
Routine weed control resulted in more favorable conditions
for soil N accumulation and as a result greater nutrient
cycling was facilitated. PMN, NH4

+-N, and HWETN
showed similar trends at the 0–5-cm depth (although
NH4

+-N was not significant) with higher concentrations in
the inter-planting row in the routine weed control treat-
ments. PMN was also significant at the 5–10-cm depth at
both sampling positions between weed control treatments.
A number of studies have linked the reductions of some
labile soil organic matter fractions to a decline in microbial
N supplies (Cookson and Murphy 2004; Cookson et al.
2005). The question remains if this could also be reason for
the decrease in HWETN as a result of luxury weed control
treatments. When weed biomass (tonnes per hectare) was
correlated to the soil parameters at the pooled positions at
the 0–5-cm depth, results indicated that the weed biomass
showed significant relationships with soil total N, PMN,
and HWETN and soil moisture content. This suggests that
total and labile N parameters varied as a result of weed
biomass. Smethurst and Nambiar (1989) and Woods et al.
(1992) recognized the pros and cons of N immobilization
by weeds in plantations. Principle components analysis at
both sampling positions in the 0–5-cm soil depth also
indicated a significant contribution of labile N (NO3

–-N and
NH4

+-N), δ15N, and HWETN to the variation in soil
nutrient patterns.

Results indicated a trend that was consistent with higher
concentrations of δ15N and NO3

–-N as a result of luxury
weed control treatments. Both these parameters showed
significant negative relationships to HWEOC, HWETN and
PMN at pooled depths and positions. NO3

–-N showed a
similar trend to soil δ15N in the luxury weed control
treatments, but unlike soil δ15N, NO3

–-N was not signifi-
cantly different between the weed control treatments. This
could have been the result of soil spatial variability

encountered during sampling and because N transforma-
tions are influenced by many factors (Hogberg 1997;
Hogberg and Johannisson 1993).

As the luxury weed control treatments produced very
low weed biomass, there were very few weeds in these
treatments to assimilate N. Large pools of NO3

–-N in soils
have the potential to be lost out of the soil profile. This is
because NO3

–-N is a mobile compound and if it is not taken
up by microbes, plants or roots it can be lost by
denitrification, volatilization or leached from the soil
(Nadelhoffer and Fry 1994). Higher δ15N in the luxury
weed control treatments coincided with higher nitrate
accumulations and demonstrated the potential for their loss.
Soils can become enriched in δ15N as a result of N losses
through ammonium volatilization, nitrification, and denitri-
fication. Huygens et al. (2008) found that fractionation
could not alone explain large δ15N variation patterns but
concluded that δ15N enriched microbial compounds were
related to high δ15N in the soils. The increase of δ15N with
depth results from the accumulation of organic materials
enriched in δ15N, compared to above-ground inputs which
are generally low in δ15N (rainfall and plant litter). This,
along with the variations in above-ground weed biomass,
could explain why the variation of δ15N was limited to the
top 10 cm of the inter-planting row. These results highlight
the influence of early vegetation management on the N
cycling processes in coastal sandy soils after 7 years of
plantation establishment.

5 Conclusions

Luxury weed control treatments significantly reduced weed
biomass leading to a reduction in soil organic matter
accumulation. The reduction of soil organic matter in the
top 0–10-cm of soil influenced the availability of various
nutrients, soil labile C and N pools, and soil moisture. In
the absence of weed biomass, there was a decrease in labile
C pools and soil δ13C, with negative correlations among
soil δ15N, HWEOC, and HWETN. Routine weed control
practices led to a larger pool of weed residues and the
subsequent active cycling of C and N pools as indicated by
the increased HWEOC, HWETN, PMN and δ13C. This
study has implicated the consequences of early-age planta-
tion management techniques to C and N cycling in soils
and their on-going effects to long-term soil fertility, in an
exotic pine plantation of subtropical Australia. The uses of
δ13C and δ15N in the association with other labile nutrient
indices (HWEOC, HWETN, PMN) have proven to be
useful indicators of litter recycling and potentially soil
microbial processes; N transformations; and N losses and
nutrient cycling pathways as a result of the effects of weed
control treatments after 7 years of plantation development.

1036 J Soils Sediments (2010) 10:1027–1038



Acknowledgments Respect and gratitude go to colleagues in the
Centre for Forestry and Horticulture at Griffith University for their
assistance with the field work, guidance and persistence; and to
Mr. Scott Byrne and Mr. and Mrs. Diocares of Griffith University
technical staff for technical assistance with aspects of analysis for this
research. We also acknowledge operating costs, access to GYM350
and technical support from Forestry Plantations Queensland (in
particular Dr. Ken Bubb, Mr. Paul Keay, Dr. Marks Nester, Mr. Ian
Last), and from the numerous staff who were responsible for the
development and maintenance of the GYM350 site. Paula Ibell was
supported by a research scholarship grant through the Australian
Research Council and an extension scholarship from the Centre for
Forestry and Horticulture Research, Griffith University.

References

Alvarez R (2005) A review of nitrogen fertilizer and conservation
tillage effects on soil organic carbon storage. Soil Use Manag
21:38–51

Balesdent J, Mariotti A, Guillet B (1987) Natural 13C abundance as a
tracer for studies of soil organic matter dynamics. Soil Biol
Biochem 19:25–30

Burton J, Chen CR, Xu ZH, Ghadiri H (2007) Gross nitrogen
transformations in adjacent native and plantation forests of
subtropical Australia. Soil Biol Biochem 39:426–433

Chantigny M (2003) Dissolved and water-extractable organic matter
in soils: a review on the influence of land use and management
practices. Geoderma 113:357–380

Chen C, Xu ZH (2005) Soil carbon and nitrogen pools and microbial
properties in a 6-year-old slash pine plantation of subtropical
Australia: impacts of harvest residue management. For Ecol
Manage 206:237–247

Chen C, Xu ZH, Mathers NJ (2004) Soil carbon pools in adjacent
natural and plantation forests of subtropical Australia. Soil Sci
Soc Am J 68:282–291

Cheng X, Chen J, Luo Y, Henderson R, An S, Zhang Q, Chen J, Li B
(2008) Assessing the effects of short-term Spartina alterniflora
invasion on labile and recalcitrant C and N pools by means of
soil fractionation and stable C and N isotopes. Geoderma
145:177–184

Chmura GL, Aharon P (1995) Stable carbon isotope signatures of
sedimentary carbon in coastal wetlands as indicators of salinity
regime. J Coastal Res 11:124–125

Clarke KR, Gorley RN (2005) PRIMER (Plymouth Routines In
Multivariate Ecological Research) 6. Primer-E Ltd, Plymouth

Cookson WR, Murphy DV (2004) Quantifying the contribution of
dissolved organic matter to soil nitrogen cycling using 15N
isotopic pool dilution. Soil Biol Biochem 36:2097–2100

Cookson WR, Abaye DA, Marschner P, Murphy DV, Stockdale
EA, Goulding KWT (2005) The contribution of soil organic
matter fractions to carbon and nitrogen mineralization and
microbial community size and structure. Soil Biol Biochem
37:1726–1737

Echeverria ME, Markewitz D, Morris LA, Hendrick RL (2004) Soil
organic matter fractions under managed pine plantations of the
south-eastern USA. Soil Sci Soc Am J 68:950–958

Ehleringer JR, Buchmann N, Flanagan LB (2000) Carbon isotope
ratios in belowground carbon cycle processes. Ecol Appl 10:412–
422

Ehleringer JR, Bowling DR, Flanagan LB, Fessenden J, Helliker
B, Martinelli LA, Ometto JP (2002) Stable isotopes and
carbon cycle processes in forests and grasslands. Plant Biol
4:181–189

Franzluebbers AJ (2004) Tillage and residue management effects on
soil organic matter. In: Magdoff F, Weil RR (eds) Soil organic
matter in sustainable agriculture. CRC, Boca Raton, pp 227–268

Franzluebbers AJ, Hanley RL, Hons FM, Zuberer DA (1996) Active
fractions of organic matter in soils with different texture. Soil
Biol Biochem 28:1367–1372

Ghani A, Dexter M, Perrott KW (2003) Hot-water extractable carbon
in soils: a sensitive measurement for determining impacts of
fertilization, grazing and cultivation. Soil Biol Biochem
35:1231–1243

Girvan MS, Bullimore J, Ball AS, Pretty N, Osborn AM (2004)
Responses of active bacterial and fungal communities in soils
under winter wheat to different fertilizer and pesticide regimes.
App Environ Microbiol 70:2692–2701

Guo LB, Gifford RM (2002) Soil carbon stocks and land use change:
a meta analysis. Global Change Biol 8:345–360

He JZ, Xu ZH, Hughes J (2005) Soil fungal communities in adjacent
natural forest and hoop pine plantation ecosystems as revealed by
molecular approaches based on 18S rRNA genes. FEMS Micro-
biol Lett 247:91–100

He JZ, Xu ZH, Hughes J (2006) Molecular bacterial diversity of a
forest soil under different residue management regimes in
subtropical Australia. FEMS Microbiol Ecol 55:38–47

Hogberg P (1997) Tansley Review No. 95 15N natural abundance in
soil-plant systems. New Phytol 137:179–203

Hogberg P, Johannisson C (1993) 15N abundance of forests is
correlated with losses of nitrogen. Plant Soil 157:147–150

Huang ZQ, Xu ZH, Chen CR, Blumfield TJ (2008) Soil nitrogen
mineralization and fate of (15NH4)2SO4 in field-incubated soil in
a hardwood plantation of subtropical Australia: the effects of
mulching. J Soils Sediments 8:389–397

Huygens D, Denef K, Vandeweyer R, Godoy R, Van Cleemput O,
Boeckx P (2008) Do nitrogen isotope patterns reflect microbial
colonization of soil organic matter fractions? Biol Fertil Soils
44:955–964

Isbell R (1996) The Australian soil classification. CSIRO, Colling-
wood, p 143

Jandl R, Linder M, Vesterdal L, Bauwens B, Baritz R, Hagedorn F,
Johnson DW, Mikkinen K, Byrne KA (2007) How strongly can
forest management influence soil carbon sequestration? Geo-
derma 137:253–268

Jobbagy EG, Jackson RB (2000) The vertical distribution of soil
organic carbon and its relation to climate and vegetation. Ecol
Appl 10:423–436

Jobbagy EG, Jackson RB (2001) The distribution of soil nutrients with
depth: global patterns and the imprint of plants. Biogeochem
53:51–77

Keeney DR (1980) Prediction of soil nitrogen availability in forest
ecosystems: a literature review. For Sci 26:159–171

Keeves A (1966) Evidence of loss of productivity with successive
rotations of Pinus radiata in Southeast of South Australia. Aust
For 30:51–63

Knudsen D, Paterson GA, Pratt PF (1982) Lithium, Sodium, and
Potassium. In: Page AL, Miller RH, Keeney DR (eds) Methods
of soil analysis. Part 2—chemical and microbiological properties.
American Society of Agronomy, Inc., Soil Science Society of
America, Inc, Madison, pp 225–245

Locke MA, Bryson CT (1997) Herbicide–soil interactions in reduced
tillage and plant residue management systems. Weed Sci 45:307–
320

Mannetje L, Haydock KP (1963) The dry-weight-rank method for
the botanical analysis of pasture. J Brit Grassland Soc 18:268–
275

Mathers NJ, Xu ZH, Blumfield T, Berners-Price SJ, Saffigna PG
(2003) Composition and quality of harvest residues and soil
organic matter under windrow residue management in young

J Soils Sediments (2010) 10:1027–1038 1037



hoop pine plantations as revealed by solid-state 13C NMR
spectroscopy. For Ecol Manage 175:467–488

Mead DJ (2005) Opportunities for improving plantation productivity.
How much? How quickly? How realistic? Biomass Bioenerg
28:249–266

Nadelhoffer KJ, Fry B (1994) Nitrogen isotope studies in forest
ecosystems. In: Lajtha K, Michener RH (eds) Stable isotopes in
ecology and environmental science. Blackwell, Oxford, p 316

Neary DG, Rockwood DL, Comerford NB, Swindel BF, Cooksey TE
(1990) Importance of weed control, fertilization, irrigation and
genetics in slash and loblolly pine early growth on poorly drained
spodosols. For Ecol Manage 30:271–281

Oelbermann M, Voroney RP (2007) Carbon and nitrogen in a
temperate agroforestry system: using stable isotopes as a tool to
understand soil dynamics. Ecol Engineer 2007:342–349

Olsen SR, Sommers LE (1982) Phosphorus. In: Page AL, Miller RH,
Keeney DR (eds) Methods of soil analysis. Part 2. Chemical and
Microbiological Properties. American Society of Agronomy, Inc.,
Soil Science Society of America, Inc, Madison, pp 403–430

Pan KW, Xu ZH, Blumfield TJ, Tutua S, Lu MX (2008) In situ
mineral 15N dynamics and fate of added 5NH4

+ in hoop pine
plantation and adjacent native forest of subtropical Australia. J
Soils Sediments 8:398–405

Pan KW, Xu ZH, Blumfield TJ, Tutua S, Lu MX (2009) Application
of (15NH4)2SO4 to study N dynamics in hoop pine plantation and
adjacent native forest of subtropical Australia: the effects of
injection depth and litter addition. J Soils Sediments 9:515–525

Paul KI, Polglase PJ, Nyakengama JG, Khanna PK (2002) Change
in soil carbon following afforestation. For Ecol Manage
168:241–257

Rayment GE, Higginson FR (1992) Australian laboratory handbook
of soil and water chemical methods. Inkata Press, Melbourne,
pp 10–11

Schlesinger WH (1977) Carbon balance in terrestrial detritus. Ann
Rev Ecol Syst 8:51–81

Simpson JA, Smith TE, Keay PT, Osborne DO, Xu ZH, Podberscek
MI (2004) Impacts of inter-rotation site management on tree
growth and soil properties in the first 6.4 years of a hybrid pine
plantation in subtropical Australia. In Nambiar EKS, Ranger J,
Tiarks A and Toma T (Eds) Site management and productivity in
tropical plantation forests: Proceedings of workshops in Congo
July 2001 and China February 2003, pp 139–149

Smethurst PJ, Nambiar EKS (1989) Role of weeds in the
management of nitrogen in a young Pinus radiata plantation.
New For 3:203–224

Solomon D, Fritzsche F, Tekalign M, Lehmann J, Zech W (2002) Soil
organic matter decomposition in the subhumid Ethiopian high-

lands as influenced by deforestation and agricultural manage-
ment. Soil Sci Soc Am J 66:68–82

Sparling G, Vojvodic-vukovic M, Schipper LA (1998) Hot-water-
soluble C as a simple measure of labile soil organic matter: the
relationship with microbial biomass C. Soil Biol Biochem
30:1469–1472

Swift RS (2001) Sequestration of carbon by soil. Soil Sci 166:858–
871

Ussiri DAN, Johnson CE (2007) Organic matter composition and
dynamics in a northern hardwood forest ecosystem 15 years after
clear-cutting. For Ecol Manage 240:131–142

Vance ED (2000) Agricultural site productivity: principles derived
from long-term experiments and their implications for intensively
managed forests. For Ecol Manage 138:369–396

Vitousek PM, Matson PA (1984) Mechanisms of nitrogen retention in
forest ecosystems: a field experiment. Science 225:51–52

Vitousek PM, Grier CC, Melillo JM, Reiners WA (1982) A
comparative analysis of potential nitrification and nitrate mobility
in forest ecosystems. Ecol Monogr 52(2):155–157

VSN International Ltd (2008) GenStat eleventh edition. VSN,
Hempstead

Wagner RG, Little KM, Richardson B, McNabb K (2006) The role of
vegetation management for enhancing productivity of the world’s
forests. Forestry 79:57–79

Watson CJ, Mills CL (1998) Gross nitrogen transformations in
grassland soils as affected by previous management intensity.
Soil Biol Biochem 30:743–753

Wedin DA, Tieszen LT, Dewey B, Pastor J (1995) Carbon isotope
dynamics during grass decomposition and soil organic matter
formation. Ecology 76:1383–1392

Weil RR, Magdoff F (2004) Significance of soil organic matter to soil
quality and health. In: Magdoff F, Weil RR (eds) Soil organic
matter in sustainable agriculture. CRC, Boca Raton, pp 1–43

Woods PV, Nambiar EKS, Smethurst PJ (1992) Effect of annual
weeds on water and nitrogen availability to Pinus radiata trees in
a young plantation. For Ecol Manage 48:145–163

Xu ZH, Chen CR (2006) Fingerprinting global climate change and
forest management with rhizosphere carbon and nutrient cycling
processes. Environ Sci Pollut Res 13:293–298

Xu ZH, Ward S, Chen CR, Blumfield TJ, Prasolova NV, Liu JX
(2008) Soil carbon and nutrient pools, microbial properties and
gross nitrogen mineralization transformations in adjacent natural
forest and hoop pine plantations of subtropical Australia. J Soils
Sediments 8:99–105

Xu ZH, Chen CR, He JZ, Liu J (2009) Trends and challenges in soil
research 2009: linking global to local long-term forest produc-
tivity. J Soils Sediments 9:83–88

1038 J Soils Sediments (2010) 10:1027–1038


	Effects...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site description
	Site preparation and planting
	Weed control and fertilizer treatments
	Soil sampling and analyses
	Understorey biomass sampling
	Statistical analysis

	Results
	Weed biomass and composition
	Effect of sampling depth and position on soil parameters
	Effects of treatments on soil parameters
	Correlations of soil parameters and weed biomass

	Discussion
	Treatment effects on weed biomass and composition
	Treatment and sampling effects on soil C pools, δ13C and other related soil parameters
	Treatment and sampling effects on soil N pools, δ15N, and other related soil parameters

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


