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Tree species have significant effects on the availability and dynamics of soil organic matter. In the present
study, the pool sizes of soil dissolved organic matter (DOM), potential mineralizable N (PMN) and bio-
available carbon (C) (measured as cumulative CO2 evolution over 63 days) were compared in soils under
three coniferous species— 73 year old slash (Pinus elliottii), hoop (Araucaria cunninghamii) and kauri (Agathis
robusta) pines. Results have shown that dissolved organic N (DON) in hot water extracts was 1.5–1.7 times
lower in soils under slash pine than under hoop and kauri pines, while soil dissolved organic C (DOC) in
hot water extracts tended to be higher under slash pine than hoop and kauri pines but this was not statisti-
cally significant. This has led to the higher DOC:DON ratio in soils under slash pine (32) than under hoop and
kauri pines (17). Soil DOC and DON in 2 M KCl extracts were not significantly different among the three tree
species. The DOC:DON ratio (hot water extracts) was positively and significantly correlated with soil C:N
(R2=0.886, Pb0.01) and surface litter C:N ratios (R2=0.768, Pb0.01), indicating that DOM was mainly de-
rived from litter materials and soil organic matter through dissolution and decomposition. Soil pH was lower
under slash pine (4.5) than under hoop (6.0) and kauri (6.2) pines, and negatively correlated with soil total C,
C:N ratio, DOC and DOC:DON ratio (hot water extracts), indicating the soil acidity under slash pine favored
the accumulation of soil C. Moreover, the amounts of dissolved inorganic N, PMN and bio-available C were
also significantly lower in soils under slash pine than under hoop and kauri pines. It is concluded that changes
in the quantity and quality of surface litters and soil pH induced by different tree species largely determined
the size and quality of soil DOM, and plantations of hoop and kauri pine trees may be better in maintaining
long-term soil N fertility than slash pine plantations.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Improved understanding of the size, nature and dynamics of soil
organic matter is essentially required for developing effective forest
management regimes in order to achieve forest productivity and sus-
tainability (Burton et al., 2007; Chen and Xu, 2005; Jiang et al., 2010).
Dissolved organic matter (DOM) is a key component of soil organic
matter and an essential source of available carbon (C) and nutrients
for soil microorganisms and plants (Chen and Xu, 2008; Filep and
Rékási, 2011; Marschner and Kalbitz, 2003; Qualls and Haines, 1991).
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DOM plays a vital role in biogeochemical cycling in terrestrial ecosys-
tems and thus affects ecosystem productivity and sustainability (e.g.
Chen and Xu, 2008; Kalbitz et al., 2000; Müller et al., 2009; Neff et al.,
2003). On the other hand, DOM is sensitive to the changes of land-
use, management practice, disturbance and environmental conditions
(e.g. Guo et al., 2011; Huang et al., 2008; Smolander et al., 2005;
Wang andWang, 2010) and has been widely used as an indicator of la-
bility of soil organicmatter, although it generally comprises only a small
part of soil organic matter (b1%) (e.g. Chen and Xu, 2008).

Plant species can affect soil C and nutrient dynamics through the
plant–soil interaction and feedback mechanisms (e.g. Bréchet et al.,
2009; Vivanco and Austin, 2008). Shifts in tree species can lead to
changes in root–microbe associations, litter quality inputs and
micro-environmental conditions, which will greatly modify biogeo-
chemical cycling processes (Chen et al., 2008; Vivanco and Austin,
2008). For example, different tree species significantly affected soil
pH, N availability and N mineralization and nitrification rates (e.g.
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Burton et al., 2007; Ste-Marie and Paré, 1999). Bréchet et al. (2009)
found that variations in soil respiration under 16 tree species were
mainly related to leaf litterfall and basal area of stems. However,
how soil DOM responds to changes in tree species is largely unknown,
particularly for tropical and subtropical environments (Chen et al.,
2005; Xing et al., 2010). Smolander and Kitunen (2002) and
Smolander et al. (2005) found that levels of DOM in soils under
birch and Norway spruce were higher than under Scots pine. Jiang
et al. (2010) and Xing et al. (2010) reported that soils under broadleaf
forest species had greater DOM than under coniferous species, while
those under mixed species were intermediate. Burton et al. (2007)
found concentrations of soil SON under hoop pine plantations to be
lower than those under native forests. Mechanisms responsible for
differences in the pool size of soil DOM under different forest species
are poorly understood. It has been suggested that it may be attributed
to differences in the quantity and quality of organic matter inputs and
associated microbial transformation processes (Burton et al., 2007;
Smolander and Kitunen, 2002). The presence of larger quantity and
more labile organic inputs generally contributes to the greater amount
of soil DOM (e.g. Burton et al., 2007; Smolander and Kitunen, 2002;
Xing et al., 2010).

Slash pine (Pinus elliottii Engelm. var. elliottii) is one of the key ex-
otic pine species which was introduced from the southeastern United
States and is widely grown in Queensland (e.g. Chen and Xu, 2005),
while hoop pine (Araucaria cunninghamii Ait) is a native rainforest
species grown successfully in a plantation environment, with current-
ly covering ca. 50,000 ha (plantation) in Queensland (Xu et al., 2008).
Kauri (Agathis robusta C. Moore) also occurs naturally in eastern
Queensland and belongs to the Araucaria genus, with a small area
found in plantation. Slash pine is a fast-growing species with lower
level of nutrients (N, P and K) in its litter layers (Maggs, 1985),
while hoop and kauri pines are N-demanding species and are
known to accumulate relatively recalcitrant N in the forest floor ma-
terials (Bubb et al., 1998; Silvester, 2000). Little is known about the
impacts of these coniferous tree species on the availability and dy-
namics of soil organic matter and long-term site sustainability. The
aim of this study was to investigate impacts of the 73-year-old
adjacent stands of slash, hoop and kauri pines on the pool size of
soil DOC and DON and transformation of soil C and N in subtropical
Australia. It was hypothesized that the size and quality of soil DOC
and DON pools vary with tree species due to their differences in
litter quantity and quality (e.g. N contents and C/N ratio), with
greater amounts of DOC and DON being present in soils under hoop
and kauri pines than under slash pine.

2. Materials and methods

2.1. Site description and soil sampling

The site is located at Cooloola, Tin Can Bay, southeast Queensland,
Australia (25°56′49″S, 153°5′27″E). The altitude at the site is 43 m
above sea level. The soil is classified as Gleyic Acrisol (FAO Soil Classi-
fication), developed from quartz-rich sandstones. Annual rainfall var-
ies from 741 to 2106 mm, with an average of 1287 mm. About 40% of
annual rainfall (501 mm) is distributed in summer (Dec–Feb), while
ca. 15% (192 mm) falls in winter (Jun–Aug). Winter temperatures
range from 7 to 23 °C and summer temperatures from 18 to 30 °C.
The tree species trial was established in 1935 on the original banana
farm. Three pine species, P. elliottii v. elliottii, A. cunninghamii and A.
robusta were adjacently planted on the broad gently undulating
plain. The sizes of plots for these three species are 1.087, 0.308 and
0.428 ha, respectively. No fertilizer has been applied since planting.
Brush tending was carried out in 1940 and in 1948. In 1963, mer-
chantable thinning was carried out in these plantations, and the
final stocking densities of P. elliottii v. elliottii, A. cunninghamii and
A. robusta were 140, 120 and 120 trees/ha respectively. No pruning
has been conducted since then. These stands were 73 years old at
the time of sampling. Four 10×20 m subplots of each pine plantation
were randomly selected for soil sampling in this study. The thickness
of litter (L) and fermentation (F) layers was ca. 5–6 cm and 1–2 cm
for slash pine, respectively, while the corresponding values were ca.
4–5 cm and 1–2 cm for both hoop and kauri pines. The humus (H)
layer was not well distinguished. The forest floor materials were re-
moved before soil sampling. A total of ten soil cores at the 0–10 cm
depths were randomly collected in each subplot using a 7.5 cm diam-
eter auger and bulked as a composite sample in November 2008. Each
sample was placed in a sterile plastic bag, sealed and transported to
the laboratory on ice. All field-moist samples were passed through a
2-mm sieve with fine roots and large debris removed. A portion of
fresh samples were stored at 4 °C for analysis of soil inorganic and or-
ganic N, potentially mineralizable N and CO2 respiration. The other
portion of fresh samples were air-dried and stored at room tempera-
ture prior to analysis of soil particle size, while a subsample of air-
dried soil sample was finely ground (b150 μm) for analysis of soil
total C, N and P and pH.

2.2. Measurement of biologically available soil C — incubation method

Biologically available soil organic C (bio-available organic C) was
determined using the incubation method as described by Chen et al.
(2000). In brief, 25 g of air-dried soil was adjusted to 60% of the
field capacity and aerobically incubated at 22 °C in a 1-l sealed glass
jar and CO2 evolved from soil was trapped in 0.1 M NaOH and mea-
sured by 0.1 M HCl titration after 1, 3, 7, 14, 21, 28, 35, 42, 49, 56
and 63 days. The bio-available organic C was estimated by calculating
the cumulative production of CO2 from soils during the 63-day
incubation.

2.3. Extraction and analysis of soil dissolved organic C and N

Soil DOC and DON pools were measured in both hot water
(DOCHW, DONHW) and 2 M KCl (DOCKCl, DONKCl) extracts as described
by Chen et al. (2005). For hot water extraction, 6.0 g (dry weight
equivalent) of air-dried soil was incubated with 30 ml of deionized
water in a capped test tube at 70 °C for 18 h, and test tubes were
then shaken for 5 min on an end-to-end shaker and filtered through
a Whatman 42 paper, followed by a 0.45-μm filter membrane. Soil
DOCKCl, DONKCl were measured by extracting 5.0 g (dry weight equiva-
lent) of air-dried soil with 50 ml of 2 M KCl, shaking on an end-to-end
shaker for 1 h and filtering through a Whatman 42 paper followed by
a 0.45 μmmembrane. TheDOC and total solubleN (TSN) concentrations
in the filtrates of both extracts were determined using SHIMADZU
TOC-VCPH/CPN analyzer (fitted with a TN unit) as above.

Concentrations of NH4
+-N and NO3

−-N in the hot water and 2 M
KCl extracts were determined using the LACHAT Quickchem Auto-
mated Ion Analyzer (QuikChem Method 10-107-06-04-D for NH4

+-N
and QuikChem Method 12-107-04-1-B for NO3

−-N). Soil dissolved in-
organic N (DIN) was calculated as the sum of NH4

+-N and NO3
−-N. The

DON in the extracts was calculated as the difference between TSN and
the DIN.

2.4. Determination of potential mineralizable N

Potentially mineralizable N (PMN) was determined using the
water logging incubation method (Waring and Bremner, 1964). Brief-
ly, one portion of 5 g of air-dried soil was incubated with 25 ml deio-
nized water in a capped and sealed test tube at 40 °C for 7 days, and
then 25 ml of 4 M KCl was added. The test tube was shaken on an
end-to-end shaker for 60 min and then centrifuged for 20 min at
2000 rpm and the extract was filtered through a Whatman No. 42 fil-
ter paper. The other portion of 5 g of air-dried soil was immediately
extracted with 50 ml of 2 M KCl as above before incubation.
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Concentrations of NH4
+-N in the extracts were determined using the

LACHAT Quickchem Automated Ion Analyzer (QuikChem Method
10-107-06-04-D). The PMN was calculated as the difference in the
concentration of NH4

+-N in the extracts before and after incubation.

2.5. Analysis of other soil properties

Soil particle size and bulk densityweremeasured using themethods
described by Rayment and Higginson (1992). Soil pH was determined
in 1:5 (v/v) soil/water extracts using a combination glass electrode
andmoisture by drying at 105 °C for 48 h. Soil total C and Nwere deter-
mined using an isotope ratio mass spectrometer with a Eurovector Ele-
mental Analyzer (Isoprime-EuroEA 3000, Milan, Italy).

2.6. Statistical analysis

One-way analysis of variance (ANOVA) was employed to deter-
mine the effect of three tree species on NH4

+-N, NO3
−-N, dissolved or-

ganic C and N, PMN, bio-available C and other soil properties. The
normality of all data was checked and met before ANOVA. Means
and least significant differences at 5% level were calculated to sepa-
rate the difference among the tree species. Pearson correlation coeffi-
cients among soil parameters were also calculated. These chemical
and biochemical parameters were also subject to the principal com-
ponent analysis (PCA) to determine if tree species had distinct im-
pacts on the soils. All statistical analyses were performed using SPSS
12.0 software (SPSS Inc., USA).

3. Results

3.1. Soil basic properties

Soil pH was lower in the slash pine plantation (4.5) than in hoop
and kauri pine plantations (6.0–6.2) (Pb0.05) (Table 1). Soil total C
was greater in soils under slash pine compared with hoop and kauri
pines, but there were no significant differences in soil total N and P
contents among the three pine plantations (Table 1). However, the
C:N ratio was much higher in soils under slash pine (36) than under
hoop and kauri pines (21). The particle size in these soils was domi-
nated by sand fraction (ca. 96%). Compared with this fraction, the dif-
ferences in silt or clay fractions among the three pine plantations
were small (b2%) (Table 1). There were no significant differences in
soil moisture and bulk density among the three pine plantations.

3.2. Dissolved organic and inorganic N extracted by 2 M KCl

Concentrations of DONKCl ranged from 8.1 to 11.3 mg N kg−1, ac-
counting for 27.8–30.7% of total extractable N and 0.15–0.22% of total
N (Table 2), but differences among the three pine plantations were not
significant. Concentrations of DOCKCl ranged from 95 to 147 mg kg−1,
while differences in DOCKCl and DOC:DON ratio among three pine plan-
tations were not significant (Table 2). Soil NH4

+-Nwas the predominant
formof inorganic N in KCl extracts under all three pine plantations, rang-
ing from18.1 to 21.7 mg kg−1 and accounting for 70.9–99.9% of total in-
organic N (Table 2). Differences in NH4

+-N were not significant across
the three pine plantations. Concentrations of NO3

−-N were higher in
Table 1
Selected chemical and physical properties in surface soils (0–10 cm) under three 73 year o

Tree species Soil moisture
(%)

pH Total C
(%)

Total N
(%)

Tota
(mg

Slash pine 4.9±0.8a 4.5±0.1b 1.94±0.19a 0.054±0.005a 28.2
Hoop pine 2.6±0.4a 6.0±0.1a 1.25±0.18b 0.057±0.007a 32.4
Kauri pine 3.4±1.0a 6.2±0.3a 1.08±0.11b 0.052±0.002a 29.9

Data are mean±S.E. (n=4). Different letters within columns showed significantly differen
soils under the kauri pine plantation (7.64 mg kg−1) than under the
slash and hoop pine plantations (0.02–1.80 mg kg−1).

3.3. Dissolved organic and inorganic N extracted by hot water

Concentrations of DONHW were three to four times greater than
those in 2 M KCl extracts (Tables 2 and 3), ranging from 26.7 to 46.2
7 mg kg−1 and accounting for 55.2–65.4% of total soluble N and 0.50–
0.82% of total N (Table 3). Concentrations of DONHW were significant-
ly lower in soils under the slash pine plantation than under the hoop
and kauri pine plantations, while DOCHW in hot water extracts tended
to be higher under slash pine than hoop and kauri pines but not sta-
tistically significant. This has resulted in the significantly higher DOC:
DON ratio (hot water extracts) in slash pine (32) than in hoop and
kauri pine plantations (17) (Table 3). Across the different forest eco-
systems, NH4

+-N was the dominant form of inorganic N (21.4–
22.9 mg kg−1), while concentrations of NO3

−-N were generally
b8.02 mg kg−1. There were no significant differences in the concen-
tration of NH4

+-N, while the concentration of NO3
−-N was significantly

greater in soils under kauri pine than under slash pine (Table 3).

3.4. Potential mineralizable N

The values of PMN ranged from 43 mg kg−1 in the slash pine plan-
tation to 77 mg kg−1 in the hoop pine plantation, comprising 6.4–
18.5% of soil total N (Fig. 1). The PMN was significantly lower in
soils under slash pine than under hoop and kauri pine plantations
(Fig. 1). The PMN values were positively related to DONHW (r=0.697,
Pb0.05), but negatively related to soil C:N ratio (r=0.614, Pb0.05)
and DOCHW:DONHW ratio (r=0.604, Pb0.05).

3.5. Bio-available soil organic C

Bio-available organic C in soils was measured as the cumulative
CO2 evolved during the 63-day incubation and shown in Fig. 2. The
amounts of bio-available organic C were significantly higher in soils
under kauri (average 680 mg CO2-C kg−1 soil) and hoop pine (average
565 mg CO2-C kg−1 soil) plantations than under slash pine plantation
(average 278 mg CO2-C kg−1 soil). However, there were no significant
differences in soil bio-available organic C between kauri and hoop
pine plantations (Fig. 2). Bio-available organic C was highly correlated
with PMN (r=0.744, Pb0.01).

3.6. Principle component analysis of effects of tree species on soil properties

Results from principle component analysis (PCA) have shown the
distinct effect of exotic pine (slash pine) and native pines (hoop and
kauri pines) on soil properties (Fig. 3). The soil samples from slash
pine plantation were clearly separated from soil samples from hoop
and kauri pine plantations along the PC1 axis, while there was no
clear separation between hoop and kauri pines (Fig. 3). The PC1
accounted for 48.4% of total variation in the soil properties, while
PC2 explained 27.1% of total variation. Soil pH is the most important
parameterwhich correlatedwith (r=0.873) and positively contributed
to the PC1 (Table 4). DONHW, inorganic N (in KCl extracts), bio-available
C, DOCKCl, PMN and inorganic N (in hot water extracts) were also
ld pine plantations.

l P
kg−1)

C:N
ratio

Clay
(%)

Silt
(%)

Sand
(%)

Bulk density
(g cm−3)

±3.0a 35.9±0.5a 3.7±0.2b 0.6±0.2b 95.7±0.1a 1.04±0.04a
±3.9a 21.9±0.3b 2.9±0.4b 1.4±0.5ab 95.7±0.3a 1.16±0.04a
±2.0a 20.8±1.9b 2.0±0.2a 2.0±0.4a 96.0±0.3a 1.16±0.03a

t at Pb0.05.



Table 3
Dissolved organic C (DOCHW) and N (DONHW) and inorganic N (DINHW) extracted by hot water in soils (0–10 cm) under three 73 year old pine plantations in subtropical Australiaa.

Tree species DINHW (mg kg−1) DONHW DOCHW DOC:DON ratio

NH4
+-N NO3

−-N (mg kg−1) % (TSN)b % (TN)c (mg kg−1)

Slash pine 22.4±1.8a 0.03±0.03b 26.7±3.2b 55.2±1.5b 0.50±0.03b 851±80a 32±2a
Hoop pine 22.9±4.7a 2.38±1.84ab 46.2±4.4a 65.4±3.1a 0.82±0.06a 815±125a 17±1b
Kauri pine 21.4±2.7a 8.02±3.35a 39.2±2.8a 57.0±3.0ab 0.76±0.06a 692±117a 17±1b

a Data are mean±S.E. (n=4). Different letters within columns showed significantly different at Pb0.05.
b %TSN, percentage of DON over total soluble N.
c %TN, percentage of DON over soil total N (TN).

Fig. 1. Potential mineralizable nitrogen (PMN) in soils (0–10 cm) under three 73 year
old pine plantations in subtropical Australia. Error bars are shown above the column.
PMN/TN (%), the percentage of PMN over total soil N.
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Table 2
Dissolved organic C (DOCKCl) and N (DONKCl) and inorganic N (DINKCl) extracted by 2 M KCl in soils (0–10 cm) under three 73 year old pine plantations in subtropical Australiaa.

Tree species DINKCl (mg kg−1) DONKCl DOCKCl DOC:DON ratio

NH4
+-N NO3

−-N mg kg−1 % (TSN)b % (TN)c (mg kg−1)

Slash pine 18.1±1.6a 0.02±0.00b 8.1±0.9a 30.7±1.4a 0.15±0.01a 95±11a 12.0±1.4a
Hoop pine 27.1±6.3a 1.80±1.32ab 10.5±1.18a 27.8±3.3a 0.19±0.02a 147±26a 14.2±2.2a
Kauri pine 18.6±3.4a 7.64±3.01a 11.3±1.6a 29.9±3.6a 0.22±0.03b 142±11a 13.2±1.5a

a Data are mean±S.E. (n=4). Different letters within columns showed significantly different at Pb0.05.
b %TSN, percentage of DON over total soluble N.
c %TN, percentage of DON over total soil N (TN).
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positively correlated with the PC1. Soil C:N ratio and DOCHW:DONHW

ratio negatively contribute to the PC1. DOCHW, soil total N and total C
and moisture contribute significantly to the PC2 (Table 4). Soil pH, soil
C:N ratio, DONHW and DOCHW:DONHW ratio contribute 38% to the PC1,
while DOCHW, soil total N and total C contribute 52% to the PC2
(Table 4).

4. Discussion

In this study, three pine species (slash, hoop and kauri pines) were
adjacently (distancebca. 30 m) planted on the broad gently undulating
plain ca. 73 years ago. Before the establishment of these plantations, ba-
nana plants were grown in these soils and the samemanagement prac-
tices (including rock Nuaru fertilization regime) were applied. The soils
under the three plantations were developed from the same parent
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material— sandstone and dominated by sand fraction (ca. 96%). There-
fore, it is reasonable to assume that soil was the same or similar before
the plantations were established and the differences in soil properties
observed under the different plantations reflected the effects of growth
of three pine species. This has been the base for many paired-site or ad-
jacent site studies (Chen et al., 2004; Davis and Condron, 2002;
Smolander and Kitunen, 2002). This long-term experiment makes it
possible to appreciate the different effects of tree species on soil proper-
ties since such effects may not be observed in the short term (Priha and
Smolander, 1997).

4.1. Soil DOM pools and their relationships

The amounts of DOC and DONmeasured by 2 M KCl and hot water
extraction were within the normal ranges reported in the literature
(Burton et al., 2007; Chen and Xu, 2008; Smolander et al., 2005;
Xing et al., 2010). Hot water extracted 3–4 times more soil DON and
Table 4
Soil properties with significant correlation coefficients (Pb0.05) and contributions (%)
for principal components 1 (PC1) and 2 (PC2) in principal components analysis of soil
variables under three 73 year old pine plantations in subtropical Australia.

Variables r Contribution (%)

PC1
pH 0.873 9.85
Soil C:N −0.869 9.76
Dissolved organic N (hot water) 0.841 9.14
DOC:DON ratio (hot water) −0.837 9.05
Dissolved inorganic N (KCl) 0.837 9.05
Cumulative CO2 evolved (63 days) 0.833 8.97
Dissolved organic C (KCl) 0.815 8.58
Potential mineralizable N 0.778 7.82
Dissolved inorganic N (hot water) 0.688 6.12
Total P 0.649 5.44

PC2
Dissolved organic C (hot water) 0.937 20.16
Soil total N 0.856 16.82
Soil total C 0.803 14.81
Soil moisture 0.626 9.00
4–8 times more DOC than 2 M KCl (Tables 2 and 3), which was con-
sistent with other results in forest soils (e.g. Burton et al., 2007;
Jiang et al., 2010). Both KCl and hot water extractions have been
used to measure the pool size and dynamics of dissolved organic mat-
ter in soils (e.g. Burton et al., 2007; Curtin et al., 2006; Murphy et al.,
2000; Xing et al., 2010). The KCl extraction measures physically
absorbed DOM from clay minerals and organic colloids, while hot
water extracts the readily decomposable fraction of DOM that origi-
nates from soil microbial biomass, root exudates, and lysates (Curtin
et al., 2006; Ros et al., 2009). In this study, the amounts of DOC and
DON in 2 M KCl extracts were not significantly correlated with
those in hot water extracts (data not shown). The DON in hot water
extracts was significantly related to PMN (r=0.660, Pb0.05), while
there was no such relationship present between the PMN and the
DON in KCl extracts (data not shown). This indicated that the DON
in hot water extracts may better represent available organic N pool
in soil than that in KCl extracts.

4.2. The effect of coniferous species on DOM pools

The effects of tree species on soil properties have been reflected in
the result of PCA of soil properties (Fig. 3; Table 4). Soil pH and labile
organic matter (DOC, DON and DOC:DON ratio in hot water extracts)
are the key factors contributing to the clear separation of soil samples
collected from slash pine plantation from those collected from the
other two plantations.

Tree species can affect the availability and transformation of soil C
and N throughmodification of chemical and physical environments in
soil and microbial community abundance and composition via root–
soil interactions and inputs of litters of different quantity and quality
(e.g. Chen et al., 2008; Menyailo et al., 2002; Vivanco and Austin,
2008; Witt and Setälä, 2010). Differences in DOM under different
tree species have been observed in a number of studies (e.g. Burton
et al., 2007; Jiang et al., 2010; Menyailo et al., 2002; Smolander et
al., 2005; Wang and Wang, 2010; Xing et al., 2010). It has been
reported that soils under broadleaf forest species had higher DOC
and DON than under coniferous species (e.g. Smolander et al., 2005;
Wang and Wang, 2010; Xing et al., 2010). This has been attributed
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ratio (c) under three 73 year old pine plantations in subtropical Australia.

141S. Lu et al. / Geoderma 170 (2012) 136–143
to: a) the higher leaf litter biomass and root production in broadleaf
forest species than the coniferous species tested (Wang and Wang,
2010; Xing et al., 2010); b) nutrient-rich (e.g. N) litter (low C:N
ratio) found in the broadleaf forests compared with nutrient-poor lit-
ters (high C:N ratio) in coniferous forests (Jiang et al., 2010;
Smolander et al., 2005); and c) greater soil microbial biomass and ac-
tivities and N-associated enzyme (e.g. Protease) activities under
broadleaf forests than under coniferous forests (Jiang et al., 2010;
Xing et al., 2010).

Slash pine, an exotic coniferous species, is widely known to have
lower amounts of N, P and K in the litter fall than other conifers
(Gholz et al., 1985; Maggs, 1985). Slash pine will respond to the addi-
tion of N only in the presence of adequate P (Richards and Bevege,
1967). On the other hand, hoop and kauri pines, native coniferous
species, are N-demanding species; the addition of N is beneficial for
successful development (Bubb et al., 1998; Richards and Bevege,
1967; Silvester, 2000). It has been reported that hoop pine litter C
was predominately in a recalcitrant form and associated N might
not be rapidly released during decomposition (Bubb et al., 1998),
while kauri pine tends to accumulate relatively recalcitrant N in the
forest floor materials (Silvester, 2000). In the present study, slash
pine had higher soil C contents than hoop and kauri pines, with no
significant differences in soil total N content among these three species
but greater soil C:N ratio under slash pine (36) than under hoop (22)
and kauri (21) pines (Table 1). Surface litter biomass at this study site
was greater under slash pine (13.2 t ha−1) than hoop (12.3 t ha−1)
and kauri (11.2 t ha−1) pines, while litter C:N ratios were also greater
under slash pine (71) than under hoop (61) and kauri (60) pines
(data not shown). Richards and Bevege (1967) also reported that 5-
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Fig. 5. Relationships between soil pH and soil total C (a), soil total N (b) and
year old slash pine had higher amount of surface litter but less soil N
than hoop and kauri pines of the same age. Concentrations of DON in
hot water extracts were significantly higher in soil under hoop and
kauri pines than under slash pine, while concentrations of DOC tended
to be greater in soil under slash pine compared with hoop and kauri
pine, although this difference was not statistically significant
(Table 3). This led to greater DOCHW:DONHW ratio in soils under slash
pine (32) than under hoop and kauri pines (17) (Table 3). DOCHW:
DONHW ratio was significantly correlated with soil C:N ratio (Fig. 4a)
and litter C:N ratio (Fig. 4b), while soil C:N ratio was positively correlat-
ed with litter C:N ratio (Fig. 4c). These results confirmed that DOC and
DONweremainly derived from the littermaterials and soil organicmat-
ter through dissolution and decomposition (Chen and Xu, 2008) and
tree species largely determined the quantity and quality of soil DOM.

Another significant modification of soil chemistry by the different
tree species was the lower values of soil pH under slash pine (pH 4.5)
compared with those under hoop (pH 6.0) and kauri (pH 6.2) pines
(Table 1). Soil acidification under coniferous species is mainly attrib-
uted to the production of acidic leaf litters, although root exudation of
H+ may also contribute to the lower soil pH (e.g. Jongkind et al.,
2007; Menyailo et al., 2002). The greater amounts of acidic litters ob-
served in slash pine than in hoop and kauri pines might be responsi-
ble for the lower pH values in the soil under slash pine compared with
hoop and kauri pines (Table 1). Across the three pine plantations, soil
pH was negatively correlated with soil total C content (Fig. 5a), but
not related to soil total N (Fig. 5b), which leads to negative and signifi-
cant relationship between soil pH and soil C:N ratio (Fig. 5c). Similarly,
soil pH also tended to correlate negatively with DOCHW, but not signifi-
cantly (Fig. 6a). However, soil pH was positively and significantly
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Fig. 6. Relationships between soil pH and DOC (a), DON (b) and DOC:DON ratio (c) in hot water extracts under three 73 year old pine plantations in subtropical Australia.
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related to DONHW (Fig. 6b) and thus negatively and significantly related
to DOCHW:DONHW ratio (Fig. 6c). These results indicated that: a) soil pH
significantly affected the quality (i.e. C:N ratio) of total and labile pools
of soil organicmatter; and b) lower soil pH under slash pine favored the
accumulation of soil C and thus led to greater amount of DOC and lower
DOCHW:DONHW ratio compared with hoop and kauri pines. This is con-
sistent with the results in arable soils reported by Filep and Rékási
(2011), in which soil acidity had a positive effect on DOC and a negative
effect onDON. Soil pH is considered as a dominant factor controllingmi-
crobial transformation of organic matter (Adams and Adams, 1983;
Kemmitt et al., 2006). It has been shown that soil microbial biomass C
and N and basal respiration increased with soil pH (e.g. Kemmitt et al.,
2006). There was no significant difference in soil microbial biomass C
and N among the three tree species in the present study (data not
shown), but microbial respiration in soil under slash pine was much
lower than that under hoop and kauri pines (Fig. 2). Therefore, lower
soil pH under slash pine compared with hoop and kauri pines may
also affect microbial composition and activity and reduce the substrate
availability, and thus limit microbial decomposition and lead to greater
C accumulation in the former than in the latter.

4.3. Effect of tree species on soil N fertility

Dissolved inorganic N (NH4
+, NO3

−) consisted of ca. 70% of dis-
solved N in KCl extracts and 35–45% in hot water extracts (Tables 2
and 3). Among the inorganic N pools, NH4

+-N was predominant and
played an important role in tree N nutrition. On the other hand,
lower levels of NO3

−-N found in soils under all three tree species
may be related to the leaching loss in the well-drained sand soils
(Table 1). Lower level of NO3

−-N (near zero) in the soil under slash
pine compared with that under hoop and kauri pines may be partially
associated with the lower soil pH found in the former than in the lat-
ter (Table 1) since low soil pH might inhibit the nitrification process
(e.g. Ste-Marie and Paré, 1999). PMN has been used as an indicator
of lability of organic N for plant and microbial utilization (e.g. Chen
et al., 2002) and is greater in soils under hoop and kauri pines than
under slash pine (Fig. 1). Likewise, the amount of bio-available C was
also greater in soils under hoop and kauri pines than under slash pine
(Fig. 2) and positively correlated with the PMN (r=0.744, Pb0.01).
These, together with higher amounts of dissolved inorganic and organic
N found in soils under hoop and kauri pines than under slash pine
(Tables 2 and 3), have clearly shown that soil organic matter under
hoop and kauri pines is more labile than under slash pine. Plantations
of hoop and kauri trees may be better in maintaining long-term soil N
fertility compared with slash pine.

It is evident that the chemical and biological nature of DOM is im-
portant for the understanding of its ecological function. The information
about the nature of DOC and DON in soils under these three species is
scarce. Condense tannin has been found in the litters and the soils of
all three forest species (slash, hoop and kauri pines) in other studies
(e.g. Bubb et al., 1998;Mathers andXu, 2003; Verkaik et al., 2007). Com-
plexation of organic N (e.g. protein) by tannin may be responsible for
the slow release of N during litter decomposition (Bubb et al., 1998;
Verkaik et al., 2007). Further study should focus on: a) the nature of
DOM, in particular, the phenolics and secondarymetabolites, and its re-
lationship with biological availability of DOM; b) microbial community
composition under these three species and its role in shaping the com-
position of DOM.

5. Conclusions

Results have clearly demonstrated that DON in hot water extracts
was significantly lower in soils under slash pine than under hoop and
kauri pines, but DOC was not significantly affected by the tree species.
This had led to higher DOC:DON ratio in soils under slash pine than
under hoop and kauri pines. Soil DOC and DON in 2 M KCl extracts
were not significantly different among the three forest species. Signif-
icant and positive relationships between DOC:DON ratio (hot water
extracts) and soil C:N and surface litter C:N ratios indicated that
DOM was mainly derived from litter materials and soil organic mat-
ter. Soil total C and C:N ratio and DOC and DOC:DON ratio (hot
water extracts) decreased with soil pH, and thus stronger soil acidity
under slash pine compared with under hoop and kauri pines favored
the accumulation of soil C. The amounts of dissolved inorganic N,
PMN and bio-available C were also significantly lower in soils under
slash pine than under hoop and kauri pines. It is concluded that
changes in the quantity and quality of surface litters and soil pH induced
by different tree species largely determined the size and quality of soil
DOM. Plantations of hoop and kauri trees may be better in maintaining
long-term soil N fertility than the slash pine plantation.
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