
SOILS, SEC 2 • GLOBAL CHANGE, ENVIRON RISK ASSESS, SUSTAINABLE LAND USE • RESEARCH ARTICLE

Plant–soil interaction affects the mineralization of soil organic
carbon: evidence from 73-year-old plantations with three
coniferous tree species in subtropical Australia

Shunbao Lu1,2,3
& Yanjie Zhang1 & Chengrong Chen2

& Zhihong Xu4
& Xiaomin Guo3

Received: 14 July 2016 /Accepted: 7 November 2016 /Published online: 24 November 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract
Purpose Plantation is an important strategy for forest restora-
tion and carbon (C) storage. Plantations with different tree
species could significantly affect soil properties, including soil
pH, soil nutrient content, soil microbial activities, and soil
dissolved organic C. Changes in these abiotic and biotic fac-
tors could regulate mineralization of soil organic C (SOC).
However, it remains unclear to what extent these factors affect
the mineralization of SOC under different tree species
plantations.
Materials and methods Soil was collected at 0–10 cm depth
from plantations with Pinus elliottii Engelm. var. elliottii,
Araucaria cunninghamii, and Agathis australis, respectively,
in southeast Queensland, Australia. Soil samples were assayed
for soil organic C; organic N and mineralization of SOC; soil
particle size; total C, N, and P; and pH. In addition, a 42-day
laboratory incubation with substrate additions was done to

examine the influence of different substrates and their combi-
nations on bio-available organic C.
Results and discussion Our results suggested that SOC min-
eralization was mainly determined by soil pH and soil C con-
tent among plantations with different tree species, whereas
SOC mineralization was not correlated with soil N and P
contents. These results were further confirmed by the substrate
addition experiments. SOC mineralization of soils from slash
pine showed greater response to C (glucose) addition than
soils from other two plantations, which suggested significant
differences in SOC mineralization among plantations with
different tree species. However, neither N addition nor P ad-
dition had significant effects on SOC mineralization.
Conclusions Our results indicated that plantations with differ-
ent tree species substantially affect the mineralization and sta-
bility of soil organic C pool mainly by soil pH and soil C
content.

Keywords CO2 production . Plantation . Soil pH . Soil
properties . Substrate addition . Tree species

1 Introduction

The stock of soil organic carbon (SOC), which is approxi-
mately 1500 Pg in the upper 100 cm and accounts for two
thirds of the global terrestrial carbon pool (Batjes 1996), plays
a critical role in the carbon cycle between soil and atmosphere
(Heimann and Reichstein 2008; Schmidt et al. 2011). Given
the large stock of SOC in soils, even subtle changes in the
mineralization of SOC can trigger a severe feedback to atmo-
spheric CO2 concentrations (Jenkinson et al. 1991; Álvaro-
Fuentes et al. 2012). It is believed that the mineralization of
SOC is sensitive to management practice such as plantations
of tree species. Although plantation of tree species has widely

Responsible editor: Hailong Wang

* Chengrong Chen
c.chen@griffith.edu.au

Xiaomin Guo
gxmjxau@163.com

1 Key Laboratory of Poyang Lake Wetland and Watershed Research,
Ministry of Education, College of Life Sciences, Jiangxi Normal
University, Nanchang 330022, China

2 Griffith School of Environment, Australian River Institute, Griffith
University, Nathan 4111, Australia

3 College of Forestry, Jiangxi Agricultural University,
Nanchang 330045, China

4 Environmental Futures Research Institute and School of Natural
Sciences, Griffith University, Nathan 4111, Australia

J Soils Sediments (2017) 17:985–995
DOI 10.1007/s11368-016-1602-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11368-016-1602-3&domain=pdf


existed worldwide, especially in tropical and subtropical area,
how the mineralization of SOC responds to the plantations
with different tree species is largely unknown. Therefore, un-
derstanding the effect of plantations with different tree species
on the mineralization of SOC is important to evaluate the
ecological effects of plantations and optimize the designs of
tree plantations.

Three dominant hypotheses have been proposed to ex-
plain the mechanisms underlying the effect of plantations
with different tree species on SOC mineralization
(Table 1). The first hypothesis is that plantations with
different tree species can affect the mineralization of
SOC through changing soil pH (Finzi et al. 1998;
Berthrong et al. 2009). This is particularly important for
plantations with coniferous species as they can produce
acidic leaf litters and root exudation of H+, which in turn
lower soil pH (Johnson et al. 1991). The second hypoth-
esis is that plantation of tree species can affect the miner-
alization of SOC by directly changing soil microbial ac-
tivities, especially by altering microbial biomass carbon
(MBC) and dissolved organic carbon (DOC) in soil
(Grayston et al. 1997; Jenkins 2002; Ehrenfeld et al.
2005). The third hypothesis is that plantation of tree spe-
cies will affect soil nutrient availability (i.e., nitrogen,
phosphorus and soil organic matter) via substrate avail-
ability, which in turn had a great influence on the miner-
alization of SOC (Elliott 1986). Although all these three
hypotheses may simultaneously affect the mineralization
of SOC, given the fact that different tree species differed
in the ability to change soil pH, nitrogen (N), and phos-
phorus (P) availability (Ste-Marie and Paré 1999; Burton
et al. 2007) and plant–microbe associations also differed
among species (Chen and Xu 2008; Vivanco and Austin
2008), it is possible that these mechanisms contributed
unequally to the mineralization of SOC in plantations
with different tree species. However, studies on the

relative contribution of these three mechanisms to chang-
es in the mineralization of SOC in plantations with differ-
ent tree species were limited.

The present study was designed to investigate the im-
pacts of 73-year-old plantations with slash, hoop, and
kauri pines on the rate of mineralization of SOC in sub-
tropical Australia. The plantations with the three species
had similar climatic condition and management actives
but varied in soil pH, total C, C/N ratio, DOC, and dis-
solved inorganic nitrogen (DIN) due to the different abil-
ities between plant and soil interaction (Lu et al. 2012),
which provided an ideal chance to study the influence of
plant-soil interaction on the mineralization of SOC.
Particularly, we expected to answer the following ques-
tions: (1) how do soil pH, substrates availability, and mi-
crobial activity affect the mineralization of SOC in the
three plantations of pine species? (2) What is the relative
contribution of soil pH, substrates availability and micro-
bial activity to the mineralization of SOC in the three
plantations of pine species?

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 43m above sea level. The soil is classified
as gleyic acrisol (FAO Soil Classification), developed from
quartz-rich sandstones. Annual rainfall varies from 741 to
2106mm, with an average of 1287 mm. About 40% of annual
rainfall (501 mm) is distributed in summer (Dec–Feb), while
about 15% (192 mm) falls in winter (Jun–Aug). Winter tem-
peratures range from 7 to 23 °C and summer temperatures
from 18 to 30 °C.

Table 1 Three hypotheses on the effect of plantations with different tree species on soil carbon mineralization (SCM)

Hypotheses Mechanisms Predictions

Soil pH Coniferous species could produce acidic
leaf litters and root exudation of H+,
which will lower soil pH.

1. Different tree species will differ in soil pH.

2. Soil pH significantly correlate with soil carbon
mineralzation (SCM).

Soil nutrient concentration Plant species will affect nutrient cyclings
and thus affect soil nutrient concentrations.

1. Different tree species will differ in soil N and P concentrations.

2. Soil N and P concentrations significantly correlate with SCM.

3. N or P addition will decrease the differences of SCM among
soils from different tree species.

Soil microbial community Different plant species would produce
litters and root exudation with different
qualities, which will affect microbial
activities, including microbial biomass
carbon (MBC) and dissolved organic
carbon (DOC)

1. Different tree species will differ in MBC and DOC.

2. MBC and DOC significantly correlate with SCM.

3. Substrate (glucose) addition will decrease the differences of
SCM among soils from different tree species.
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The tree species, Pinus elliottii Engelm. var. elliottii,
Araucaria cunninghamii, and Agathis australis, were
established in 1921 on the original banana farm, with the plot
of 1.087, 0.308, and 0.428 ha, respectively. No fertilizer has
been applied on these plots since tree species had been
planted. After brush tending in 1940, 1948, and merchantable
thinning in 1963, the final stocking densities of P. elliottii var.
elliottii, A. cunninghamii, and Agathis robusta were 140, 120,
and 120 trees ha−1, respectively.

Soil samples were taken in the November in 2008 when the
plantations of these three tree species were 73 years old.
Within each plantation, four 10 × 20m subplots were random-
ly placed for soil sampling. After removing litter and fermen-
tation layers, a total of ten soil cores at the 0–10 cm depths
were randomly collected within each subplot using a 7.5 cm
diameter auger andmixed as a composite sample in situ. Then,
soil samples were placed in a sterile plastic bag, sealed and
transported to the laboratory with ice for further analysis.
After removing fine roots and large debris and sieving through
2 mm mesh, the collected soil samples were then divided into
two subsamples. One subsample was stored at 4 °C for anal-
ysis of soil DOC, dissolved organic nitrogen (DON), DIN,
MBC, and microbial biomass nitrogen (MBN). One subsam-
ple was air dried and stored at room temperature to analyze of
soil particle size; total C, N, and P; and pH.

2.2 Measurement of biologically available soil organic C

Biologically available soil organic C (bio-available organic C)
was determined using the incubation method as described by
Chen et al. (2004). 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. Then, CO2 evolved from soil was
trapped in 0.1 M NaOH and measured by 0.1 M HCl titration
after 1, 3, 7, 14, 21, 28, 35, and 42 days, respectively. The bio-
available organic C was estimated by calculating the cumula-
tive production of CO2 from soils during the 42-day
incubation.

To examine the influence of different substrates and their
combinations on bio-available organic C, we amended the soil
samples of each plantation with glycine (Acros Organics, NJ,
USA), NH4NO3 (Fisher Scientific Ltd., Leicestershire, UK)
and NaPO4 (monobasic, monohydrate; Acros Organics), and
each pairwise combination of these four substrates (six com-
binations) as well as a distilled water control. The substrates
were added in solution with enough water to raise soil to 60%
ofWHC. Particularly, the organic compounds were added at a
rate of 15 mg substrate C per g soil C (Table 2). To ensure that
equal amounts of N were added the inorganic forms, NH4NO3

was added at the rate of 8.97 mg N per g soil C (Table 2).
NaPO4 was added at the rate of 0.625 mg P per g soil C
(Table 2). Then, the rate of CO2 production was monitored
for 42 days for each soil samples after substrate addition.

Because the total number of soil samples to be incubated
(132) exceeded the number of chambers in the respirometer,
the experiment was run twice with two replicates for each soil
types in each run. When the first run was conducted, the soil
samples for the second run were stored at 4 °C. Results from
two-way analysis of variance (ANOVA) shown that, in all
substrate additions, there was no significant bio-available or-
ganic C variation in between two runs (P > 0.282).

2.3 Measurement of other soil properties

Soil particle size and bulk density were measured using the
standard methods described by Rayment and Higginson
(1992). Soil pH was determined in 1:5 (v/v) soil/water extracts
using a combination glass electrode and moisture by drying at
105 °C for 48 h. Soil total C and N were determined using an
isotope ratio mass spectrometer with a Eurovector Elemental
Analyzer (Isoprime-EuroEA 3000, Milan, Italy) (Lu et al.
2012). Soil microbial biomass C and N were determined by
chloroform fumigation–extraction based on the method devel-
oped by Brookes et al. (1985).

2.4 Statistical analysis

One-way ANOVA, followed by Fisher’s least significant dif-
ference (LSD) test, was employed to examine the effect of
different tree species on MBC, MBN, dissolved organic C
and N, bio-available C, and other soil properties. The normal-
ity of all data was checked before ANOVA. Pearson’s corre-
lation coefficient was used to assess the relationship between
soil pH and other soil parameters. These chemical and bio-
chemical parameters were also subject to the principal com-
ponent analysis (PCA) to determine if tree species had distinct
impacts on the soils. All statistical analyses were performed
using SPSS 17.0 software (SPSS Inc., USA).

Table 2 Total amount of C, N, and P added to the soils for each
treatment in the 42-day incubation

Treatment Substrate addition (mg g soil C−1)

Glucose NH4NO3 Na2HPO4

CK 0 0 0

C 15 0 0

N 0 8.97 0

P 0 0 0.625

CN 15 8.97 0

CP 15 0 0.625

NP 0 8.97 0.625

CNP 15 8.97 0.625
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3 Results

3.1 Soil properties

Surface litter biomass in slash pine (13.2 t ha−1) was greater
than that in hoop (12.3 t ha−1) and kauri (11.2 t ha−1) pines.
Without addition of substrate, soil pH in the slash pine plan-
tation was lower than that in hoop and kauri pine plantations
(all P < 0.05) (Table 3). In addition, total C, soil moisture, and
C/N ratio in slash pine plantation were greater than that in
hoop and kauri pines plantations (Table 3), whereas no signif-
icant differences were found in total N and total P concentra-
tions among these three pine plantations (Table 3). Among
these three pine plantations, slash–pine plantation had the
lowest DOC concentrations (88.67 ± 13.06 mg kg−1), and
hoop–pine plantation had the highest DOC concentrations
(149.84 ± 13.83 mg kg−1) (Table 3). The average concentra-
tion of MBC ranged from 62.5 to 147.63 mg kg−1, and the
concentrations of MBC in slash and kauri pine plantations
were greater than that in hoop pine plantation (P < 0.01).

Soil pH in all plantations was higher under the substrate
addition treatment than that under no substrate addition (Lu
et al. 2012). Soil pH under slash pine (pH 4.5) was lower
compared with those under hoop (pH 6.0) and kauri
(pH 6.2) pines (Table 3).

3.2 KCl-extractable organic C and N

DON concentrations ranged from 8.37 to 10.98 mg N kg−1,
accounting for 1.55–2.11% of total N (Table 3), but the dif-
ferences among the three pine plantations were not significant.
DOC concentrations ranged from 88.67 to 149.84 mg kg−1,
with greater concentrations in hoop and kauri pines, although
the differences among tree species were not significant
(Table 3). In addition, the differences of DOC/DON ratio
among these three plantations were not significant (Table 3).

3.3 Soil microbial biomass C and N

The average concentration ofMBCwas 62.5–147.63 mg kg−1

(Table 3). Concentrations of MBC were greater in soils under
slash and kauri pine than hoop pine (P < 0.01). The average
concentration of MBN was 8.49–24.59 mg kg−1. A similar
trend (to MBC) was observed in soil MBN across different
plantations (Table 3), but the MBN was not significantly dif-
ferent among all plantations.

3.4 Soil total CO2 production

Soil total CO2 production in soils was measured as the cumu-
lative CO2 evolved during the 42-day incubation and shown

Table 3 Chemical and physical
properties (mean ± SE) of soils
from three plantations with
different tree species

Soil properties Slash pine Hoop pine Kauri pine Correlation with soil pH

r p value

pH 4.51 ± 0.11b 6.03 ± 0.14a 6.45 ± 0.15a – –

TCP (g kg soil C−1) 240.14 ± 11.43b 525.78 ± 66.05a 458.52 ± 60.35a 0.78 0.0158

Total C content (%) 1.97 ± 0.26a 1.09 ± 0.09b 0.99 ± 0.09b −0.87 0.0022

Total N content (%) 0.054 ± 0.006a 0.050 ± 0.004a 0.052 ± 0.003a −0.22 0.5753

C/N 36.1 ± 0.6a 21.68 ± 0.27b 18.92 ± 0.69c −0.97 <0.0001

Total P content
(μg g−1)

25.72 ± 2.34a 28.94 ± 2.46a 31.35 ± 1.9a 0.56 0.1132

DOC (mg kg−1) 88.67 ± 13.06b 149.84 ± 13.83a 137.75 ± 14.83a 0.76 0.0172

DON (mg kg−1) 8.37 ± 1.23a 10.29 ± 1.65a 10.98 ± 2.26a 0.44 0.2343

DOC/DON 10.60 ± 0.08a 15.72 ± 3.62a 13.37 ± 2.17a 0.35 0.3495

DIN (mg kg−1) 18.23 ± 2.24a 23.70 ± 3.79a 27.53 ± 2.53a 0.70 0.0360

Moisture (%) 5.46 ± 0.73a 2.25 ± 0.17b 2.48 ± 0.39b −0.86 0.0028

Clay (%) 3.73 ± 0.25a 2.86 ± 0.58ab 1.93 ± 0.26b 0.70 0.0360

Silt (%) 0.61 ± 0.23a 1.67 ± 0.67a 2.16 ± 0.47a 0.64 0.0632

Sand (%) 95.66 ± 0.07a 95.47 ± 0.2a 95.9 ± 0.37a 0.09 0.8118

Bulk density (g cm−3) 1.01 ± 0.04b 1.19 ± 0.03a 1.16 ± 0.04a 0.80 0.0091

MBC (mg kg−1) 116.29 ± 13.8a 62.5 ± 13.24b 147.63 ± 0.91a 0.08 0.8386

MBN (mg kg−1) 15.07 ± 4.48a 8.49 ± 4.9a 24.59 ± 9.23a 0.13 0.7388

Note: Within an analysis (row), soils with the same letters were not significantly different in Duncan’s multiple
range tests from one-way ANOVA (P > 0.05)

TCP total CO2 production during the 42-day incubation, DOC dissolved organic carbon, DON dissolved organic
nitrogen, DIN dissolved inorganic nitrogen, MBC microbial biomass carbon, MBN microbial biomass nitrogen
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in Figs. 1 and 2. In all three soils, NH4NO3, Na2HPO4, and
NH4NO3 together with Na2HPO4 addition had no significant
effect on total CO2 production (Fig. 1). When the results from
all three soils were considered, the addition of both glucose
and one or two substrates together significantly increased total
CO2 production relative to the controls, with an increase of
total CO2 production by 11, 24, and 2% in the slash, hoop, and
kauri pine soils, respectively. However, these trends of all soils
were not statistically significant.

Total CO2 production increased significantly when
NH4NO3 and Na2HPO4 were added (Fig. 1), with glucose
addition resulting in significantly more CO2 production than
no glucose addition (P < 0.001). The addition of glucose in-
creased CO2 production beyond that observed for either sub-
strate separately in all soils (P < 0.001). The addition of the
glucose had little effect on CO2 production compared with
adding both glucose and one or two inorganic substrates on
their own.

3.5 Relationships between soil properties and soil total
CO2 production

Soil total CO2 production was significantly positively corre-
lated with soil DOC, moisture, and pH (Fig. 3b, e, h), whereas
significantly negatively with soil total carbon concentration

and soil moisture (Fig. 3a, R2 = 0.47, P = 0.024; Fig. 3h,
R2 = 0.5388, P = 0.0244). There was no correlation between
soil total CO2 production and total P, total N, DON, DIN,
MBC, and MBN (Fig. 3c, d, f, g, i, j).

4 Discussion

4.1 The effects of plantations with coniferous species
on soil properties

Our results suggested that 73-year-old plantations with differ-
ent tree species had significant effects on soil properties. Soils
from different plantations mainly differed in soil pH and labile
organic matter (i.e., DOC; Table 1) (Lu et al. 2012). Soil pH
under slash pine (pH 4.5) was lower compared with those
under hoop (pH 6.0) and kauri (pH 6.2) pines (Table 1).
Soils under coniferous species were usually acidified because
of the production of acidic leaf litters (Jongkind et al. 2007;
Menyailo et al. 2002). Greater amount of acidic litters under
slash pine might explain why soil under slash pine has lower
pH compared with soils under hoop and kauri pines (Lu et al.
2012).

Soil C and N contents can be largely different under plan-
tations with different tree species because of root–soil

Fig. 1 Total soil CO2 production from plantations with different tree
species under different substrate addition treatments during the 42-day
incubation. Microbial biomass carbon (MBC) was determined for the
soils sampled in the 42nd day. Error bars represented mean ± SE
(n = 3). For a given treatment, bars with the same letters were not

significantly different in Duncan’s multiple range tests reported from
one-way ANOVA (P > 0.05). CK control (dH2O), C glucose, N
NH4NO3, P Na2HPO4, CN glucose + NH4NO3, CP glucose +
Na2HPO4, NP NH4NO3 + Na2HPO4, CNP glucose + NH4NO3 +
Na2HPO4
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interactions and the production of litters with different quan-
tity and quality, which could significantly alter soil environ-
ment and microbial communities (Menyailo et al. 2002; Chen
and Xu 2008; Vivanco and Austin 2008; Witt and Setälä
2010). In our study, soil pH was negatively correlated with
soil total C content but positively correlated with soil DOC
(Fig. 3). Lower soil pH under slash pine favored the accumu-
lation of soil C and thus led to lower amount of DOC com-
pared with hoop and kauri pines. Our results were consistent
with previous laboratory studies that DOC positively correlat-
ed with soil pH (Curtin and Smillie 1986; You et al. 1999).
Soil acidification could decrease DOC through various mech-
anisms, i.e., decreased organic matter solubility (Erich and
Trusty 1997; Tombácz et al. 1999), decreased microbial activ-
ity (Guggenberger et al. 1994), or increased Al3+ toxicity
(Castro and Logan 1991).

In our study, soil microbial respiration under slash pine was
much lower than that under hoop and kauri pines, but soil
microbial biomass C and N under slash pine were greater than

hoop pine and lower than kauri pines (Table 3). Soil pH is an
important factor controlling microbial composition and activ-
ities (Kemmitt et al. 2006). In our study, microbial respiration
rate was positively correlated with soil pH (Fig. 3), but there
was no significant correlation between soil pH and MBC or
MBN (Table 3). Therefore, rather than affecting MBC or
MBN, lower soil pH under slash pine could decrease micro-
bial activity compared with hoop and kauri pines and thus
limit microbial decomposition and lead to greater C accumu-
lation in the soils under slash pine.

Soil nutrients could affect tree growth, but trees could in
turn affect soil nutrient content and cycling (i.e., nutrient

Fig. 2 Changes in respiration rate over the 42-day incubation period in
each of the three soils for each substrate addition treatment (mean ± SE,
n = 3). Significant differences between soils from different tree species are

indicated as follows: ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001

�Fig. 3 Relationships between total CO2 production during the 42-day
incubation and soil properties, including total phosphorus (TP), total car-
bon (TC), total nitrogen(TN), dissolved organic carbon (DOC), dissolved
organic nitrogen (DON), dissolved inorganic nitrogen (DIN), moisture,
pH, microbial biomass carbon (MBC), and microbial biomass nitrogen
(MBN) under three 73-year-old pine plantations
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absorption, litter production, mineralization). In our study,
soils under slash pine had lower total P concentration, C/N
ratio, lower DON, and DIN than soils under other two species
(Table 3). But there was no significant difference in total N
concentration among soils under these three plantations
(Table 3). Slash pine had lower amounts of N, P, and K in
the litter fall than other conifers (Gholz et al. 1985; Maggs
1985). It has been reported that hoop pine litter C was pre-
dominately 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).

4.2 Correlations between soil properties and soil carbon
mineralization

Soil carbon pool is an important factor of soil carbon cycle,
which will affect the soil original SOC mineralization dynam-
ic and microbial community (Stewart et al. 2009; Wang et al.
2014). Previous studies have shown that soils with high C
content could have high SOC mineralization rate. Our results
suggested that soil carbon content was one of the critical fac-
tors determining the SOC mineralization (Stewart et al. 2008;
Kuzyakov 2011). As a biological process, soil carbon miner-
alization in laboratory was mainly determined by substrate
availability and microbial composition and activities. In our
study, soil carbon mineralization only significantly correlated
with DOC, moisture, and soil pH, with no significant correla-
tions with soil N and P concentrations or DON, MBC, and
MBN (Fig. 3). Since soil pH could affect DOC and microbial
activities, our results indicated that substrate availability and

microbial activities were two key factors in determining soil
carbon mineralization.

These results supported hypotheses 1 and 2 that tree species
could affect soil carbon mineralization via affecting soil pH
and DOC availability. Our results did not support hypotheses
3, because although tree species could change soil microbial
community, such changes could not lead to modifications of
soil carbon mineralization.

Meanwhile, effects of soil pH on soil carbonmineralization
depends on substrate availability. Soil pH explained a greater
proportion of variance in mineralization under no C addition
treatments than under C addition treatments (Fig. 4a, b), indi-
cating that the magnitude of effects of soil pH on soil carbon
mineralization decreased with substrate availability.
Furthermore, effects of C addition on CO2 production were
not affected by soil pH (Fig. 4c ), indicating that soil pH affect
CO2 production mainly through changes in substrate avail-
ability rather than microbial activity. Decreased soil pH could
decrease bacterial growth but increase fungi growth, so total
CO2 production was less affected by soil pH than microbial
composition because of the functional redundancy in carbon
mineralization (Rousk et al. 2009).

4.3 Effects of substrate addition on soil carbon
mineralization

In our study, neither NH4NO3 nor Na2HPO4 addition had
significant effects on total CO2 production (Fig. 1; Table 4),
indicating that soil microbial respiration was limited neither
by N nor by P availability. One possible explanation is that N
addition had dual effects on soil organic carbon decomposi-
tion. While there are positive effects on decomposition, higher

Fig. 4 Correlation between soil
pH and total CO2 production
(TCP) during 42-day incubation
under a treatments with no C
(glucose) addition and b treat-
ments with C addition and
c between effects of C addition
on TCP and pH
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N availability could promote the formation of more recalci-
trant compounds during lignin decomposition and thus reduce
the overall rate of lignin decomposition (Berg 2000). In pre-
vious studies, N additions could increase (Cheshire and
Chapman 1996; Fierer et al. 2003), decrease (Söderström
et al. 1983; FOG 1988; Cheshire and Chapman 1996; Fierer
et al. 2003; Bradford et al. 2008; Ouyang et al. 2008), or have
no effects (Sjöberg and Persson 1998; Yoshitake et al. 2007)
on soil carbon mineralization. However, P addition generally
stimulated soil respiration rates (Amador and Jones 1993;
Cheshire and Chapman 1996; Fierer et al. 2003; Bradford
et al. 2008; Ouyang et al. 2008), with few negative results
observed. Meanwhile, some studies found significant interac-
tions of N and P additions on soil organic carbon mineraliza-
tion (Hartley et al. 2010). Amador and Jones (1993) and
Cheshire and Chapman (1996) found that N additions de-
crease respiration rates only when the natural P availability
was low but increase or have no effects when P availability
was high. Our results and those studies suggested that N and P
additions do not consistently increase soil respiration rates,
even in ecosystems characterized by low N and P
availabilities.

As the C source of soil microbial respiration, glucose ad-
dition directly increased soil respiration rates, but the C effects
depended on the sampling days. CO2 production greatly in-
creased under C addition at the third day and then quickly
decreased, with no significant changes at the 42nd day.
Glucose addition could also indirectly increase CO2 produc-
tion through priming effects. Although our study did not di-
rectly determine the priming effects, soil microbial biomass C
was increased by C addition even at the 42nd day. In our

experiment, the amount of glucose-C added was approximate-
ly equal to the size of the microbial biomass-C pool. Such
amount of glucose addition could initially increase microbial
biomass followed by a subsequent decline (Schneckenberger
et al. 2008) and therefore increased microbial biomass turn-
over, potentially contributing to the positive priming effect
(Hartley et al. 2010). Therefore, our results supported that
the priming effects may be caused by an acceleration of mi-
crobial biomass turnover in the medium term (Blagodatskaya
et al. 2007; Blagodatskaya and Kuzyakov 2008).

In our study, effects of C addition on CO2 production was
differed among soils from different tree species. Soils under
kauri pine have a greater response to C addition than soils
under slash and hoop pines. However, given that soils under
kauri pine was very similar to soils under hoop pine in most
soil properties (Table 3), the underlying mechanisms of plant
species affecting C addition effects were unclear. For example,
although soil pH could significantly affect CO2 production,
soil pH had no significant correlation with C addition effects
on CO2 production (Fig. 4). Further studies could focus on the
mechanisms why C addition effects differed among soils un-
der different tree species.

5 Conclusions

Our results clearly demonstrated that soils under slash pine
had lower pH, DOC, and greater total C content than under
hoop and kauri pines. But soil N concentration (i.e., total N,
DON, DIN) and total P concentration were similar among
soils under different plantations. Soils under hoop pine had

Table 4 Repeated measures
analysis of variance for responses
using species (S), C, N, and P
additions and all interactions as
fixed effects

Variable TCP Response ratio
of TCP

MBC Response
ratio of MBC

C <0.0001 <0.0001 <0.0001 <0.0001

N 0.4346 0.3139 0.0026 0.0036

C*N 0.9785 0.9325 0.0238 0.0317

P 0.1081 0.0795 0.1702 0.0859

C*P 0.7944 0.6378 0.0622 0.1105

N*P 0.1907 0.1704 0.0207 0.0772

C*N*P 0.6420 0.6274 0.0764 0.0309

S 0.0002 <0.0001 0.0792 0.0002

S*C 0.0652 <0.0001 0.8186 0.0769

S*N 0.5682 0.5742 0.0071 0.0067

S*C*N 0.4448 0.5439 0.1581 0.1729

S*P 0.3759 0.4638 0.0858 0.0712

S*C*P 0.0452 0.0952 0.2252 0.4478

S*N*P 0.4351 0.5231 0.0495 0.1150

S*C*N*P 0.3112 0.4003 0.0633 0.0398

Note: there are 48 degrees of freedom for error

TCP total CO2 production during the 42-day incubation, MBC microbial biomass carbon
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the lowest MBC and MBN. CO2 production was negatively
correlated with soil pH and total C content, but positively
correlated with DOC. However, CO2 production did not cor-
relate with soil N or P content, MBC, and MBN. These results
supported the hypotheses that different tree species could af-
fect soil carbon mineralization through changing soil pH and
DOC but did not support the pathways of changing soil nutri-
ent availability and soil microbial community. These conclu-
sions were further supported by a substrate and nutrient addi-
tion experiments, which CO2 production was significantly
increased by glucose addition but did not respond to N or P
addition. Meanwhile, neither N nor P addition could affect the
differences in soil carbon mineralization under different trees,
but the differences would be decreased under glucose addi-
tion. Although slash pines could decrease soil pH and soil
fertility, plantation with slash pine is a better strategy in main-
taining long-term soil carbon stock through decreasing SOC
mineralization.
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