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WANG D, WANG B & NIU X. 2014. Effects of natural forest types on soil carbon fractions in north-east China. 
Tree species have strong influence on soil carbon storage but the interactions are not well understood. 
Using the path analysis method, the response of soil carbon pool to changes in tree species were studied 
by comparing soil organic carbon quantity and quality in primary mixed broadleaved Korean pine (Pinus 
koraiensis and Quercus mongolica), natural Korean larch (Larix olgensis) and natural Chinese pine (Pinus 
tabulaeformis) forests in north-east China. Results showed that the effects of tree species on soil total organic 
carbon, recalcitrant organic carbon and microbial biomass carbon occurred at 0–40 cm depth. The mixed 
forest increased organic carbon and carbon fraction concentration over pure Korean larch and Chinese 
pine stands. Path analyses suggested that the effects of tree species on soil organic carbon mostly passed 
through direct effects on recalcitrant organic carbon and indirect effects on microbial biomass carbon but 
not through water-soluble organic carbon. Microbial biomass carbon may be used as a sensitive indicator of 
changes in soil organic carbon. Moreover, the response of recalcitrant organic carbon to forest conversion 
will also determine the magnitude of feedback of soil carbon to forest type due to its large storage in soil. 
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INTRODUCTION

Forest ecosystems play a significant role in 
sequestering carbon in biomass and soil. The 
influence of tree species on forest soil carbon 
pool has long been discussed (Resh et al. 2002, 
Pérez-Cruzado et al. 2012). Labial fractions of 
organic matter such as light fraction carbon, 
microbial biomass carbon and water-soluble 
organic carbon can respond rapidly to changes in 
carbon supply (Haynes 2000). Such components 
have, therefore, been suggested as early indicators 
of the effects of management practices and 
cropping systems on soil organic matter quality 
(Ghani et al. 2003). However, most researches 
on effects of tree species on soil carbon pool 
are currently focused on the change in total soil 
organic carbon rather than soil carbon subpools 
(Neff et al. 2002). 
 Temperate and boreal forests act as major 
sinks for atmospheric carbon dioxide (CO2), 
especially soil carbon pool (Lorenz & Lal 2010). 
North-east China possesses all the major forest 
types in northern East Asia. Forest types change 

from deciduous broadleaved, needle leaved and 
broadleaved mixed forests to boreal forest with 
increasing latitude in the region. The region is 
one of the biggest natural forest regions in China 
and possesses 24.79 M ha well-protected natural 
forests. Natural forests have high biodiversity 
and are of great value in silviculture, where they 
represent model systems for studying processes 
which are important for the implementation of 
sustainable forest management. Soil in a natural 
forest ecosystem has high carbon sink (Lal 2005). 
However, there are very few studies on effects of 
natural forest on levels of labile and recalcitrant 
carbon fractions as well as distribution of carbon 
fractions through soil profile depth in this region.
 In this study, we focused on a primary mixed 
broadleaved Korean pine (Pinus koraiensis and 
Quercus mongolica) forest and two pure natural 
forests of Korean larch (Larix olgensis) and 
Chinese pine (Pinus tabulaeformis) forests to 
estimate effects of forest types on soil organic 
carbon quantity and quality. Relationships 
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between recalcitrant organic carbon, microbial 
biomass carbon, water-soluble organic carbon 
and total organic carbon were also investigated. 
To obtain better understanding of carbon 
fraction response to forest types, we used 
path analysis to quantify direct and indirect 
interactions of carbon fractions with tree 
species.

MATERIALS AND METHODS

Study area

This research was carried out in a primary mixed 
broadleaved and Korean pine forests and two 
pure natural forests, Korean larch forest and 
Chinese pine forest, which are typical forest 

types in north-east China. The locations are 
in the Baishilazi Forest Ecological Research 
Station, Yiwulu Mountain Natural Reserve and 
Jinchang Forestry Farm, Wangqing Country of 
Jilin Province (40° 47'–43° 18' N, 121° 11'–130° 
33' E). Annual average precipitation in the 
study areas ranges from 570 to 1400 mm and  
annual mean temperature ranges from 3.9 to  
8.2 °C. The climate is characterised by cold 
weather during long winter and short cool 
summer. A large portion of the area is original 
mature forest. The average age of the three 
forests is over 60 years. The soil in these areas is 
dark brown earth (Cryumbreps in American Soil 
Taxonomy). Average soil pH of the horizon is 5.8. 
Soil bulk density and texture did not significantly 
differ among natural forests in 2011 (Figure 1). 

Figure 1 Texture and soil bulk density at different depths collected from mixed broadleaved Korean pine 
forest (KPF), Korean larch forest (KLF) and Chinese pine forest (CPF)
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Soil sampling and analysis

In July 2011, three 20 m × 20 m plots for each 
ecosystem were established on the representative 
sites. Five soil profiles were randomly chosen in 
each plot. Four or five soil samples (> 200 g) at 
each depth of 0–10, 10–20, 20–40, 40–60 and 60–
100 cm were collected from each profile (Wang 
et al. 2011). The soil samples were divided into 
two parts. One was immediately sieved through a 
2-mm mesh and stored at 4 °C until the analyses 
for microbial biomass carbon and water-soluble 
organic carbon. The other part was also sieved 
through a 2-mm mesh and subsequently air dried 
for total organic carbon and recalcitrant organic 
carbon. 
 Fresh soil samples were analysed for microbial 
biomass carbon by fumigation extraction 
method (Vance et al. 1987). In brief, 25 g fresh 
soil was fumigated with chloroform for 24 hours 
and then extracted with 0.5 M K2SO4 for 2 hours 
on a shaker. The extracts were centrifuged and 
filtered (Whatman 42). Similar sets of non-
fumigated samples were extracted by the same 
way. Microbial biomass carbon was calculated 
using the equation by Wu et al. (1990): 
 
 Biomass carbon = (F – C)/Kc 

where F and C = the carbon concentrations in 
the extracts of fumigated and non-fumigated 
soils respectively and Kc = conversion factor, 0.45. 
Water-soluble organic carbon was extracted from 
30 g of fresh soil with an addition of 60 ml of 
distilled water (Xu et al. 2010). The mixture was 
shaken for 30 min on a shaker at 250 rpm and at 
20 °C, centrifuged for 20 min at 3500 rpm and the 
supernatant liquid was filtered through 0.45-μm 
cellulose nitrate membrane filter. Recalcitrant 
organic carbon was determined using acid 
hydrolysis technique (Leavitt et al. 1996). This 
was measured by refluxing 2 g soil in 6 M HCl 
at 116 °C for 18 hours. Refluxed residues were 
washed three times with deionised water, dried 
at 55 °C and ground to pass through a 180-μm 
screen (Collins et al. 2000). Total organic carbon 
was also measured. Carbon content was analysed 
using a total organic carbon analyser. Soil texture 
was analysed by pipette method and bulk density 
by soil core method. Soil pH was measured on a 
soil–water suspension (1:2.5). 

Statistical analyses

All comparisons were performed using analysis 
of variance. Significance levels were set at  
p < 0.05 in all statistical analyses. Direct influence 
of independent variable (recalcitrant organic 
carbon, microbial biomass carbon or water-
soluble organic carbon) upon dependent 
variable (total organic carbon) and indirect 
influence of one independent variable through 
another were measured with path coefficients. 
Path coefficients were calculated using Sigmastat 
package according to Dewey and Lu (1959). 
Residual effect (ey) was calculated using the 
formula by Smith et al. (1997): 
   
 ey =  

where R2 = R squared in regression analyses.

RESULTS

Changes in quantity and quality of soil 
organic carbon

The concentration of total organic carbon 
decreased with increasing soil depth and about 
70% of total organic carbon was stored at the 
top 40-cm soil. Carbon concentration of mixed 
broadleaved Korean pine forest was higher than 
that of Korean larch and Chinese pine forests 
at all depths (Figure 2). However, statistically 
significant differences were only found at 0–10, 
0–20 and 40–60 cm depths.
 Three fractions of recalcitrant organic 
carbon, microbial biomass carbon and water-
soluble organic carbon behaved differently 
(Figure 2). The fractions also decreased with 
depth, especially at 0–10, 10–20 and 20–40 cm 
depths. Recalcitrant organic carbon accounted 
for 30–90% of the total organic carbon at all 
depths and they were highest in the mixed 
broadleaved Korean pine forest and lowest in the 
Chinese pine forest. Microbial biomass carbon 
accounted for just 0.3–3.0% but they were also 
significantly reduced with total organic carbon, 
i.e. in the order mixed broadleaved Korean pine 
forest > Korean larch forest > Chinese pine forest. 
The proportion of water-soluble organic carbon 
was smallest in natural forest soil, in particular 
in the mixed broadleaved Korean pine forest. 
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There was no significant difference in tree species 
for water-soluble organic carbon, although the 
fraction in the Korean larch forest was higher 
than that of the mixed broadleaved Korean pine 
and Chinese pine forests. 

Contributions of microbial biomass carbon, 
recalcitrant organic carbon and water-soluble 
organic carbon to total organic carbon

There was highly significant correlation between 
total organic carbon and microbial biomass 
carbon or recalcitrant organic carbon (Table 1)  
in mixed broadleaved Korean pine, Korean larch 
and Chinese pine forests. Microbial biomass 
carbon showed highly significant correlation with 
recalcitrant organic carbon in all three forests at 
the same time (Table 1). Both microbial biomass 

carbon and recalcitrant organic carbon played 
essential roles in the sensitivity of tree species. 
The strongest correlations between recalcitrant 
organic carbon and total organic carbon in 
mixed broadleaved Korean pine forest, Korean 
larch forest and Chinese pine forest (rYX3

 = 
0.954, 0.913, 0.985 respectively) were based 
almost entirely on the direct path (Tables 2  
and 3). Effects of microbial biomass carbon on 
total organic carbon were due mostly to the 
indirect effect via recalcitrant organic carbon 
(rX1X2 

PYX2 
= 0.790, 0.525, 0.798 respectively). 

However, correlations between water-soluble 
organic carbon and total organic carbon (rYX2

= 
0.508, 0.545, 0.778 respectively) were lower 
and they were attributed to indirect effects of 
recalcitrant organic carbon (rX3X2 

PYX2 
= 0.504, 

0.457, 0.685 respectively). 

Figure 2 Total organic carbon (TOC), recalcitrant organic carbon (ROC), microbial biomass carbon 
(MBC) and water-soluble organic carbon (WSOC) obtained in mixed broadleaved Korean pine 
forest (KPF), Korean larch forest (KLF) and Chinese pine forest (CPF) for several soil depths

Soil depth (cm) Soil depth (cm)
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DISCUSSION

General patterns of soil organic carbon

Natural forest type affected soil carbon pool 
and its vertical distribution in the profile. The 
effects were mostly obvious in the upper 40-cm 
soil in these forests, which were consistent 
with the results of Yang et al. (2005) and 
Wang et al. (2008) who found that 60% of soil 
carbon storage was in the 0–40 cm soil layer 
for evergreen broadleaved forest, Chinese fir 
plantation and mixed plantations in China.

 Microbial biomass carbon and water-soluble 
organic carbon displayed a clear decline with 
soil depth in the three natural forests, as also 
shown by findings in evergreen broadleaved and 
coniferous forests (Xu et al. 2010). Recalcitrant 
organic carbon decreased with increasing soil 
depth in the current study. Rovira and Vallejo 
(2007) showed that the decreasing content 
of recalcitrant organic carbon could be due to 
decreasing fine roots as soil depth increased, 
and the limited mobility of recalcitrant organic 
carbon from the surface to the deep soil 
horizons. In addition, our results showed 

Table 1 Linear correlation coefficients between different carbon fractions and total 
organic carbon in mixed broadleaved Korean pine forest (KPF), Korean larch 
forest (KLF) and Chinese pine forest (CPF)

Forest type Fraction TOC MBC ROC WSOC

KPF MBC 0.910** - 0.933** 0.583*

ROC 0.954** 0.933** - 0.595**

WSOC 0.508* 0.583* 0.595* -

KLF MBC 0.947** - 0.860** 0.585*

ROC 0.913** 0.860** - 0.750**

WSOC 0.546* 0.585* 0.750** -

CPF MBC 0.948** - 0.941** 0.730*

ROC 0.984** 0.941** - 0.808**

WSOC 0.778** 0.730** 0.808** -

*, ** significant at p < 0.05 and p < 0.01 respectively; TOC = total organic carbon, MBC = 
microbial biomass carbon, ROC = recalcitrant organic carbon and WSOC = water-soluble 
organic carbon

Table 2 Path analysis of the direct and indirect effects of the different carbon fractions on total 
organic carbon in mixed broadleaved Korean pine forest (KPF), Korean larch forest 
(KLF) and Chinese pine forest (CPF)

Forest type Fraction Direct effect Indirect effect

MBC ROC WSOC

KPF MBC 0.179 - 0.790 -0.058

ROC 0.847 0.167 - -0.060 

WSOC -0.100 0.104 0.504 -

KLF MBC 0.565 - 0.525 -0.142

ROC 0.610 0.486 - -0.182 

WSOC -0.243 0.331 0.458 -

CPF MBC 0.176 - 0.798 -0.026

ROC 0.848 0.166 - -0.028 

WSOC -0.035 0.128 0.685 -

MBC = microbial biomass carbon, ROC = recalcitrant organic carbon, WSOC = water-soluble organic carbon
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that there was significant correlation between 
recalcitrant organic carbon and microbial 
biomass carbon. This suggests that soil microbe 
is another important effect on recalcitrant 
organic carbon (Cheng et al. 2007).

Effects of tree species on soil organic carbon 

Mixed-species forests had improved the amount 
of carbon sequestration in soil, which was the 
same trend observed by Resh et al. (2002). Total 
organic carbon and recalcitrant organic carbon 
in the top 20-cm soil were significantly higher 
in the mixed broadleaved Korean pine forest 
than that in the Korean larch and Chinese pine 
forests, but there was no significant difference 
between Korean larch and Chinese pine forests. 
Thus, higher carbon stocks in the mixed forest 
could be due to the presence of the broadleaved 
species rather than to the mixture per se. Water-
soluble organic carbon at all depths did not 
show significant difference between the three 
tree species, while microbial biomass carbon 
was significantly different at depth 0–40 cm. 
Changes in these carbon fractions indicated that 
environment sensitivity of microbial biomass 
carbon was greater than that of recalcitrant 
organic carbon and water-soluble organic carbon. 

In addition, path analysis showed that recalcitrant 
organic carbon had the highest direct effects on 
total organic carbon in these forests. The effects 
may be because the proportion of recalcitrant 
organic carbon in total organic carbon was higher. 
Also, recalcitrant organic carbon, especially in 
the form of lignin, is beneficial for soil carbon 
sequestration because of its long residence time 
in soil due to the specificity of lignin-degradation 
enzymes and limited occurrence of the soil 
fungi (Zak et al. 2006). Thus, the response of 
recalcitrant organic carbon to forest types will 
also determine the magnitude of the effect of soil 
carbon on forest type due to its large storage in 
soil. Effects of microbial biomass carbon on total 
organic carbon were attributed to indirect effects. 
This suggested that effects of microbial biomass 
carbon on total organic carbon had resulted 
from the biological processes associated 
with microbial biomass, rather than from 
microbial biomass carbon. Microbial biomass, 
which is the most labile carbon fraction of soil 
organic carbon, is responsible for residue 
decomposition process (Powlson et al. 1987) 
and has been promoted as indicator of changes 
in soil organic carbon status (Haynes 2000), as 
shown in this study. Water-soluble organic carbon 
is commonly used as soil quality indicator in soil 

Table 3 Path equation of the effects of the different carbon fractions on total organic carbon 
in mixed broadleaved Korean pine forest (KPF), Korean larch forest (KLF) and 
Chinese pine forest (CPF) 

Forest type Carbon fraction Path equation ey

KPF X1 0.910 = 0.179 – 0.0583 + 0.790 0.283

X2 0.954 = 0.847 + 0.167 – 0.0595

X3 0.508 = -0.100 + 0.104 + 0.504

KLF X1 0.947 = 0.565 – 0.142 + 0.524 0.202

X2 0.913 = 0.610 + 0.485 – 0.182

X3 0.545 =  -0.243 + 0.330 + 0.457

CPF X1 0.948 = 0.176 – 0.0255 + 0.797 0.161

X2 0.985 = 0.848 + 0.165 – 0.0282

X3 0.778 = -0.0350 + 0.128 + 0.685

X1, X2, X3 = microbial biomass carbon, water-soluble organic carbon and recalcitrant organic carbon 
respectively; decomposition of overall correlations between microbial biomass carbon and total organic 
carbon =  rYX1 = PYX1

 + rX1X2
 PYX2

 + rX1X3
 PYX3

, rYX2 = PYX2
 + rX2X1

 PYX1
 + rX2X3

 PYX3, rYX3 = PYX3
 + rX3X1

 PYX1
 + 

rX3X2
 PYX2 

where rYX1
, rYX2

 and  rYX3 = correlation coefficients between different carbon fractions and total 
organic carbon, PYX1

, PYX2 
and PYX3 

= the direct effect of microbial biomass carbon, water-soluble organic 
carbon and recalcitrant organic carbon respectively on total organic carbon,  rX2X1

 PYX1 
and  rX3X1

 PYX1 
= 

the indirect effect via microbial biomass carbon, rX1X2
 PYX2

 and  rX3X2
 PYX2 

= indirect effect via water-soluble 
organic carbon, and rX1X3

 PYX3 and rX2X3
 PYX3

 = indirect effect via recalcitrant organic carbon, ey = residual 
variation due to unknown factors not included in the path equation
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organic carbon change resulting from landuse 
change (Ghani et al. 2003). However, our results 
demonstrated that water-soluble organic carbon 
cannot be used as indicator of changes for soil 
organic carbon quality brought about by the tree 
species in forest soils. Only a small proportion 
of total labile carbon pool is extracted for water-
soluble organic carbon (Balesdent 1996). Thus, 
there is limitation for using single-pool approach 
to investigate soil carbon responses towards 
changing environmental conditions (Neff et al. 
2002).
 Dominant species in tropical plantations and 
natural forests have been shown to increase or 
decrease carbon storage, depending on their 
functional characteristics (Ruiz-Jaen & Potvin 
2010). Our results showed that types of forest 
affected not only total organic carbon content 
but also carbon fractions, as shown by Yang 
et al. (2009). Since most carbon is returned 
to the soil through litter, litter production 
and decomposition rates are estimated to 
predict carbon input from vegetation to soil 
(Zhang & Wang 2012). Litter decomposition 
rate is influenced by tree characteristics such 
as hardness, shape, soil N stock, C:N ratio and 
leaf longevity and quality, which in turn are 
dependent on tree species (Gower & Son 1992, 
Wang et al. 2013b). Compared with broadleaved 
litter, conifer litter contains more components 
that are difficult to decompose, resulting in litter 
accumulation in the forest floor and less carbon 
incorporation into the mineral soil (Berg 2000). 
Broadleaved forest contained higher microbial 
biomass carbon and water-soluble organic 
carbon than coniferous forest (Smolander & 
Kitunen 2002). Litter production could also be 
related to aboveground biomass, in particular 
leaf biomass (Nakane 1995, Wang et al. 2010). It 
has been reported that mixed Korean pine forest 
had higher biomass and net primary production 
than Korean larch and Chinese pine forests 
(Jiang et al. 1999). 
 Fine root is another important source of 
soil organic carbon. Microbial biomass carbon 
is strongly related to root carbon inputs (Gale 
et al. 2000). Fine roots may result in vertical 
distribution of carbon concentrations and 
fractions in the profile. Fine roots usually 
accumulate in upper layers, but in the horizons 
the characteristics of soil organic matter are 
also greatly affected by the more humified soil 
organic matter coming from H horizons while 

in B horizons, fine roots may constitute the 
main source of soil organic matter (Rovira & 
Vallejo 2002, 2007). Site environment and initial 
litter quality in regulating decomposition of 
fine roots played more critical roles than that 
of leaf litter (Wang et al. 2013a). Broadleaved 
trees may allocate more biomass in their roots, 
which can transfer more root detritus to the 
soil (Jandl et al. 2007). 
 Soil biota (e.g. fungi, bacteria and fauna) can 
transform organic material from the forest floor 
into mineral soils and strongly affect soil carbon 
dynamics (Fox et al. 2006). Soil microorganisms, 
especially fungi, affect decomposing beech 
leaves and water-soluble organic carbon fraction 
quality (Møller et al. 1999). In the current 
study, microbial biomass carbon in the mixed 
broadleaved Korean pine forest was significantly 
higher than those in Korean larch and Chinese 
pine forests. Microbial biomass carbon was 
significantly lower in coniferous plantation soil 
than in native broadleaved forest (Wang et al. 
2007). Tree species affected soil fauna densities 
and abundance, which were higher in mixed 
stands than pure stands (Zou 1993). In the 
pure stand, soil pH and soil fauna activity 
were lower, which decreased the amount of 
organic material incorporated into mineral 
soils (Thuille & Schulze 2006). Therefore, 
these results could explain the higher organic 
carbon concentration in the primary mixed 
broadleaved Korean pine forest than natural 
Korean larch and Chinese pine forests.

ACKNOWLEDGEMENTS 

We gratefully acknowledge W Dai, HY Wang, 
WZ You, WJ Wei and L Liu for their assistance 
in the experiment. This study was funded by the 
Special Fund for Forestry Scientific Research 
in the Public Interest (No. 201404303 and  
No. 201204101) and supported by CFERN & 
GENE Award Funds on Ecological Paper.

REFERENCES

Balesdent J. 1996. The significance of organic separates 
to carbon dynamics and its modelling in some 
cultivated soils. European Journal of Soil Science 47: 
485–493.

Berg B. 2000. Litter decomposition and organic matter 
turnover in northern forest soils. Forest Ecology and 
Management 133: 13–22.



Journal of Tropical Forest Science 26(3): 362–370 (2014) Wang D et al.

369© Forest Research Institute Malaysia

Cheng l, leavitt sW, KimBall Ba, Pinter Jr PJ, Ottman 
mJ, matthias a, Wall gW, BrOOKs t, Williams dg. 
& thOmPsOn tl. 2007. Dynamics of labile and 
recalcitrant soil carbon pools in a sorghum free-air 
CO2 enrichment (FACE) agroecosystem. Soil Biology 
and Biochemistry 39: 2250–2263.

COllins hP, elliOtt et, Paustian K, Bundy lg, diCK Wa, 
huggins dr, smuCKer aJm & Paul ea. 2000. Soil 
carbon pools and fluxes in long-term corn belt 
agroecosystems. Soil Biology and Biochemistr y 32: 
157–168.

deWey dr & lu Kh. 1959. A correlation and path coefficient 
analysis of components of crested wheat grass seed 
production. Agronomy Journal 51: 515–518.

FOx O, vetter s, eKsChmitt K & WOlters v. 2006. Soil fauna 
modifies the recalcitrance—persistence relationship 
of soil carbon pools. Soil Biology and Biochemistry 38: 
1353–1363.

gale WJ, CamBardella Ca & Bailey tB. 2000. Root-derived 
carbon and the formation and stabilization of 
aggregates. Soil Science Society of America Journal 64: 
201–207.

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 Biology and Biochemistr y 35: 
1231–1243.

gOWer st & sOn y. 1992. Differences in soil and leaf litterfall 
nitrogen dynamics for five forest plantations. Soil 
Science Society of America Journal 56: 1959–1966.

haynes rJ. 2000. Labile organic matter as an indicator of 
organic matter quality in arable and pastoral soil 
in New Zealand. Soil Biology and Biochemistry 32: 
211–219.

Jandl r, lindner m, vesterdal l, BauWens B, Baritz r, 
hagedOrn F, JOhnsOn dW, minKKinen K & Byrne Ka. 
2007. How strongly can forest management influence 
soil carbon sequestration? Geoderma 137: 253–268.

Jiang h, aPPs mJ, zhang yl, Peng Ch & WOOdard Pm. 
1999. Modelling the spatial pattern of net primary 
productivity in Chinese forests. Ecological Modelling 
122: 275–288.

lal r. 2005. Forest soils and carbon sequestration. Forest 
Ecology and Management 220: 242–258.

leavitt sW, FOllett rF & Paul ea. 1996. Estimation of the 
slow and fast cycling soil organic carbon pools from 
6 N HCl hydrolysis. Radiocarbon 38: 230–231.

lOrenz K & lal r. 2010. Carbon Sequestration in Forest 
Ecosystems. Springer, Dordrecht.

møller J, miller m & KJøller a. 1999. Fungal-bacterial 
interaction on beech leaves:  influence on 
decomposition and dissolved organic carbon quality. 
Soil Biology and Biochemistry 31: 367–374.

naKane K. 1995. Soil carbon cycling in a Japanese cedar 
(Cryptomeria japonica) plantation. Forest Ecology and 
Management 72: 185–197.

neFF JC, tOWnsend ar, gleixner g, lehman sJ, turnBull J 
& BOWman Wd. 2002. Variable effects of nitrogen 
additions on the stability and turnover of soil carbon. 
Nature 419: 915–917.

Pérez-CruzadO C, mansilla-salinerO P, rOdríguez-sOalleir 
r & merinO a. 2012. Influence of tree species on 
carbon sequestration in afforested pastures in a 
humid temperate region. Plant and Soil 353: 333–353.

POWlsOn ds, BrOOKes PC & Christensen Bt. 1987. 
Measurement of soil microbial biomass provides 
an early indication of changes in total soil organic 
matter due to straw incorporation. Soil Biology and 
Biochemistry 19: 159–164.

resh sC, BinKley d & ParrOtta Ja. 2002. Greater soil carbon 
sequestration under nitrogen-fixing trees compared 
with eucalyptus species. Ecosystems 5: 217–231.

rOvira P & valleJO vr. 2002. Labile and recalcitrant pools of 
carbon and nitrogen in organic matter decomposing 
at different depths in soil: an acid hydrolysis 
approach. Geoderma 107: 109–141.

rOvira P & valleJO vr. 2007. Labile, recalcitrant, and inert 
organic matter in Mediterranean forest soils. Soil 
Biology and Biochemistry 39: 202–215.

ruiz-Jaen mC & POtvin C. 2010. Tree diversity explains 
variation in ecosystem function in a Neotropical 
forest in Panama. Biotropica 42: 638–646.

smith, Fa, BrOWn, Jh & valOne tJ. 1997. Path analysis: a 
critical evaluation using long-term experimental 
data. The American Naturalist 149: 29–42.

smOlander a & Kitunen v. 2002. Soil microbial activities 
and characteristics of dissolved organic C and N in 
relation to tree species. Soil Biology and Biochemistry 
34: 651–660.

thuille a & sChulze ed. 2006. Carbon dynamics in 
successional and afforested spruce stands in 
Thuringia and the Alps. Global Change Biology 12: 
325–342.

vanCe ed, BrOOKes PC & JenKinsOn ds. 1987. An extraction 
method for measuring soil microbial biomass C. Soil 
Biology and Biochemistry 19: 703–707.

Wang B, lu sW & li hJ. 2011. Observation Methodology for 
Long-Term Forest Ecosystem Research (LY/T 1952—
2011). Fenghuang Press. Beijing. (In Chinese)

Wang h, liu sr, Wang Jx, shi zm, lu lh, guO WF, Jia hy & 
Cai dx. 2013a. Dynamics and speciation of organic 
carbon during decomposition of leaf litter and fine 
roots in four subtropical plantations of China. Forest 
Ecology and Management 300: 43–52. 

Wang h, liu sr, Wang Jx, shi zm, lu lh, zeng J, ming 
ag, tang Jx & yu hl. 2013b. Effects of tree 
species mixture on soil organic carbon stocks and 
greenhouse gas fluxes in subtropical plantations in 
China. Forest Ecology and Management 300: 4–13. 

Wang QK, Wang sl, Fan B & yu x. 2007. Litter production, 
leaf litter decomposition and nutrient return in 
Cunninghamia lanceolata plantations in south China: 
effect of planting conifers with broadleaved species. 
Plant and Soil 297: 201–211.

Wang QK, Wang sl & huang y. 2008. Comparisons of 
litterfall, litter decomposition and nutrient return 
in a monoculture Cunninghamia lanceolata and a 
mixed stand in southern China. Forest Ecology and 
Management 255: 1210–1218.

Wang sl, zhang Wd & sanChez F. 2010. Relating net primary 
productivity to soil organic matter decomposition 
rates in pure and mixed Chinese fir plantations. Plant 
and Soil 334: 501–510.

Wu J, JOergensen rg, POmmerening B, ChaussOd r & BrOOKes 
PC. 1990. Measurement of soil microbial biomass C 
by fumigation–extraction: an automated procedure. 
Soil Biology and Biochemistry 22: 1167–1169.



Journal of Tropical Forest Science 26(3): 362–370 (2014) Wang D et al.

370© Forest Research Institute Malaysia

xu x, zhOu y, ruan hh, luO yQ & Wang Js. 2010. 
Temperature sensitivity increases with soil organic 
carbon recalcitrance along an elevational gradient 
in the Wuyi Mountains, China. Soil Biology and 
Biochemistry 42: 1811–1815.

yang ys, guO JF, Chen gs, xie Js, gaO r, li z & Jin z. 
2005. Carbon and nitrogen pools in Chinese fir and 
evergreen broadleaved forests and changes associated 
with felling and burning in mid-subtropical China. 
Forest Ecology and Management 216: 216–226.

yang ys, guO JF, Chen gs, yin yF, gaO r & lin CF. 
2009. Effects of forest conversion on soil labile 
organic carbon fractions and aggregate stability in 
subtropical China. Plant and Soil 323: 153–162.

zaK dr, BlaCKWOOd CB & WaldrOP mP. 2006. A molecular 
dawn for biogeochemistry. Trends in Ecology and 
Evolution 21: 288–295.

zhang Wd & Wang sl. 2012. Effects of NH4
+ and NO3

- on 
litter and soil organic carbon decomposition in a 
Chinese fir plantation forest in South China. Soil 
Biology and Biochemistry 47: 116–122.

zOu x. 1993. Species effects on earthworm density in 
tropical tree plantations in Hawaii. Biology and Fertility 
of Soils 15: 35–38.


