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Abstract
The methods of root-excision and trenching were employed concurrently in the present study in order to partition total soil respiration (Rtotal)

into root respiration (Rroot), rhizomicrobial respiration (Rrhizo) and root free soil microbial respiration (Rrfs). This study was conducted under the

monsoon evergreen broad-leaf forest (BF), the pine forest (PF) and the pine and broad-leaf mixed forest (MF) in Dinghushan Biosphere Reserve,

subtropical China from April 2001 to March 2002. The three forests represent different successional stages in this region. Our results showed that

mean Rtotal were 477.9 � 96.3, 429.5 � 61.0 and 435.4 � 95.1 mg CO2 m�2 h�1 in BF, PF and MF, respectively. Rtotal were significantly higher in

rain season than those in dry season. However, no significant variations were found among three forests. Soil respiration rates were highly

dependent on the combined effects of soil temperature and soil water content. Rroot was significantly higher in rain season than that in dry season,

with the values of 113.8–166.0 mg CO2 m�2 h�1 in rain season and 48.6–97.1 mg CO2 m�2 h�1 in dry season. There were no significant

differences for Rrfs and Rrhizo between rain and dry season. However, the contributions of each component to Rtotal in rain season differed from those

in dry season. In rain season, Rroot-to-Rtotal, Rrfs-to-Rtotal and Rrhizo-to-Rtotal ratios were in the range of 26.1–35.4, 40.6–43.7, and 20.9–36.6%. In dry

season, they were 18.1–22.1, 44.8–47.6 and 30.3–37.1%, respectively.
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1. Introduction

In recent years, much attention has been paid on soil

respiration because it is recognized as a major soil carbon efflux

and one of the key components of the carbon cycle in terrestrial

ecosystems (Raich and Schlesinger, 1992; Raich and Potter,

1995). It was reported that soil respiration could represent 40–

90% of the forest ecosystem respiration (Schlesinger and

Andrews, 2000). On a global scale, soil respiration produces

80.4 Pg CO2-C annually, which is approximately 10-fold

greater than that from fossil fuel combustion and deforestation

sources combined (Raich et al., 2002), and thus even small

changes in soil respiration may greatly influence atmospheric

carbon and heat balance (Veenendaal et al., 2004; Kane et al.,

2005). Recently, soil respiration has become a central issue in
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global change ecology because of its controversial role in

global warming process (Giardina and Ryan, 2000).

Previous interpretation of soil CO2 fluxes emphasized

particularly on the measurement of Rtotal, which was usually

separated into two components: root respiration and microbial

respiration. However, rhizomicrobial respiration was not

distinguished from root-free soil microbial respiration (Raich

and Nadelhoffer, 1989). Rhizomicrobial respiration used to be

considered as a component of either root respiration or

microbial respiration depending upon researchers’ preference.

Actually three biologically relevant compartments were

involved in soils and they were defined as root tissue,

rhizosphere soil and root-free soil, and thus soil respiration

could be separated into three components, which could be

defined as Rroot, Rrhizo and Rrfs.

Partitioning Rtotal into three components and defining the

variables controlling each component is difficult but important,

and it can help us better understand the belowground carbon

dynamics (Kelting et al., 1998; Ohashi et al., 2000). For
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Table 1

Some soil properties of experimental sites§

Forest type# Bulk

density

Mean annual soil

(10 cm depth)

temperature (8C)

pH Organic

carbon

(g kg�1)

NH4-N

(mg kg�1)

BF 0.85 19.6 3.76 3.89 23.4

MF 1.03 20.5 3.80 2.68 23.7

PF 1.40 21.9 4.04 2.33 28.9

§ Soils of 0–15 cm depth except for soil temperature.
# BF, MF and PF refer to Monsoon evergreen broad-leaved forest, Pine and

Broad-leaved mixed forest, and Pine forest, respectively.

Fig. 1. The description of the dynamical chamber for soil respiration measure-

ment.
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instance, calculating C loss through root respiration could help

us estimate gross primary production more accurately, and

estimating C loss through heterotrophic microbial respiration

must be known in order to calculate net ecosystem production

(Kuzyakov and Larionova, 2005). On the other hand, the SOM-

derived CO2 is mainly from the microbial decomposition of soil

organic matter (SOM), therefore, the calculation of microbial

respiration can help us to estimate the amount of carbon

ultimately stored in soil (Sulzman et al., 2005). Furthermore,

separate estimation of Rroot, Rrhizo and Rrfs is also a prerequisite

for modeling CO2 fluxes from soil (Lee et al., 2003). Thus, the

contribution of each component to soil respiration must be

known in order to understand the effect of climate change,

forest age and forest succession on C cycling (Melillo et al.,

2002; Bond-Lamberty et al., 2004).

No studies on partitioning Rtotal have been performed in

subtropical forests in China. The forested area in south China is

about one-third of the total forested area of China, therefore,

research on C flux in this area is very important to calculate the

forest C budget of China. Thus, the objectives of this study

were: (i) to separate Rtotal into Rroot, Rrhizo and Rrfs, and (ii)

determine the contribution of the three components to Rtotal in

three forests in subtropical China. For this purpose, the methods

of root-excision and trenching were employed concurrently.

The root excision method enables us to separate Rroot from

microbial respiration (including Rrhizo and Rrfs), and the

trenching method enables us to separate Rrfs from rhizosphere

respiration (including Rroot and Rrhizo); consequently, the three

components: Rroot, Rrhizo and Rrfs can be partitioned.

2. Materials and methods

2.1. Site description

The entire study took place from April of 2001 to March of

2002 in Dinghushan Biosphere Reserve (DBR, 2380902100 to

2381103000N, and 11283003900 to 11283304100E), China. DBR is at

the southern subtropical edge of south China and lies on the

southeast part of Eurasia. It is near the Pacific Ocean to the east

and the Indian Ocean to the South and has a southern subtropical

monsoon climate. The mean annual temperature is 21 8C and the

mean annual rainfall is 1927 mm. April through September

represents the rain season with the mean monthly rainfall of

200 mm. November to January represents the dry season with the

mean monthly rainfall from 22 to 50 mm. The soil in this area

consists mainly of lateritic red-earth and yellow-earth. Monsoon

evergreen broad-leaf forest (BF), pine forest (PF), pine and

broad-leaf mixed forest (MF) were selected in the present study.

The age of BF is about 400 years, with average stem diameter

above 20 cm, canopy height above 20 m. The component species

of the main community is Castanopsis chinensis, Schima

superba, Cryptocarya spp. There were 3531 stems per hectare in

BF in 1999. The age of MF is about 60 years, with average stem

diameter of 12–20 cm, canopy height of 8–14 m. The component

species of the main community is Pinus massoniana, Schima

superba, Castanopsis chinensis. There were 3890 stems per

hectare in MF in 1999. The age of PF is about 60 years, with
average stem diameter of 25 cm, canopy height of 8–12 m. The

component species of the main community is Pinus massoniana–

Rhodomyrtus tomentosa–Dicranopteris linearis var. dichotoma

(He et al., 1982; Wang et al., 1982; Ding et al., 2001). Some soil

properties of experimental sites are presented in Table 1.

2.2. Soil CO2 flux

Soil CO2 flux was measured once at the end of each month

from April to September 2001 (rain season) and from October

2001 to March 2002 (dry season) with a portable infrared gas

analyzer (Li-6250, LI-COR Inc., Lincoln, NE) attached to a

dynamic soil respiration chamber of 7.1 cm in diameter and

8.1 cm in height. The chamber was gently inserted into the

forest floor to a depth of 2 cm. Ambient air at 2 m above soil

surface was drawn into the chamber and air inside the chamber

was well mixed with a small electronic fan. The air was then

drawn out of the chamber through an outlet with plastic tubing

connected to the IRGA for analysis (Fig. 1). Respiration rates

were calculated using Eq. (1):

R ¼ KCO2
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Fig. 2. Change of soil respiration after plots have been trenched in rain season

(a) and in dry season (b). BF (solid circles), MF (open circles) and PF

(triangles). The values were the averages of nine measurements per site, and

the bars were the standard deviations.
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where R is the respiration rate (mg CO2 m�2 h�1), KCO2

(1.9643 � 10�3 mg CO2 ml�1) unit conversion factor for cal-

culating CO2 flux rate, T air temperature (K), P atmospheric

pressure (kPa), Cout and Cin are the CO2 concentration of the

outlet and inlet of the chamber (ml l�1), respectively, F flow

rate of the air (l h�1), and A the area of the soil covered by the

chamber (m2).

Nine replicate plots of 0.5 m � 0.5 m with the distance of

4–5 m were established in each forest. One measurement was

made per plot during each sampling. Soil temperature was

measured with thermocouples (TES Electrical Electronic

Corp., Taipei, Taiwan), and soil water content was measured

with moisture probe meter (MPM-160, ICT international). Nine

different sites were selected for soil temperature and soil water

measurement at the time of sampling.

2.3. Partitioning soil CO2 flux

The components of Rtotal were determined using a modified

trenching technique combined with root excision method.

Roots were sorted out from soil, washed and blotted dry. The

live roots were separated from the dead roots on the basis of

color, brittleness, structure of cortex or bark, and color of

xylem. Root respiration was then measured with an IRGA

attached to a dynamic root chamber constructed of stainless

steel cylinders, 10.5 cm in diameter and 10.5 cm in height.

Respiration rate was calculated using Eq. (2):

R ¼ KCO2

�
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W
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where W is the root weight in soil core (g), and B root biomass

(g m�2). The other parameters are the same as Eq. (1). All root

respiration measurements were made within 30 min after root

excision. Field measurements of root respiration were per-

formed at the end of April and October. Microbial respiration

(Rmicro), including Rrhizo and Rrfs, could then be calculated by

subtracting Rroot from Rtotal (see Eq. (3)).

In order to separate Rrhizo from Rrfs, the trenching technique

was employed. Namely, nine plots of 0.5 m � 0.5 m with the

distance of 4–5 m were established and a trench of 0.2 m wide

and 1 m deep around the plot were dug. After lining the trench

with polyethylene nets of 0.08 mm mesh size, soil were refilled

back into the trench according to its original soil profiles. The

trenching cut down the live roots extended into the plots and

did not influence soil water content. The plots were then kept

free of seedlings and herbaceous vegetation by periodic

manual removal. These nine plots were established about 2 m

away from the control plots. Rtotal was measured in both

trenched and un-trenched control plots. Since the temperature

varied between the months, soil respiration rates of trenched-

plots were normalized using Q10 values of the same forests

obtained in the present study. Due to the lack of fresh C input

from plants and the freshly severed root material decomposi-

tion, total soil respiration decreased and eventually reached a

horizontal asymptote (Fig. 2). The respiration rate at this

asymptote phase represented Rrfs. Rrhizo was estimated by
subtracting Rrfs from Rmicro (see Eq. (4)) (Kelting et al., 1998;

Kuzyakov and Larionova, 2005; Tang et al., 2005; Chen et al.,

2006).

Rmicro ¼ Rtotal � Rroot (3)

Rrhizo ¼ Rmicro � Rrfs (4)

Considering both the time and the CO2 concentration might

affect the root respiration after root excision, we conducted two

separate experiments to correct these potential effects. In the

first experiment, the seedlings of Cryptocarya concinna and

Pinus massoniana were selected to measure the root

respiration before and after the roots had been excised. Three

seedlings of each species were extracted and the roots were

cleaned to get rid of attached soil particles to eliminate

rhizosphere microbial respiration. Root respiration was

measured with an IRGA (Li-6200, LI-COR Inc., Lincoln,

NE) attached with a root chamber, which was constructed of

stainless steel cylinders (10.5 cm in diameter and 10.5 cm in

height). Root respiration rates before excision were recorded

as the initial root respiration (R0). Then the roots were excised

from the plants and kept in the root chamber under constant

humidity and temperature, root respiration rates were



Z. Yi et al. / Forest Ecology and Management 243 (2007) 178–186 181
measured at 5, 15, 30, 60, 90, 120, 150, 190, 250, 310, 380, 460,

610 min after roots excision and the rate of 30 min after

excision was represented as R30. The ratio of R30 to R0 was then

obtained and used for correcting the respiration of excised

roots. In the second experiment, the respiration rates of excised

roots were measured under the CO2 concentration of 2500 ppm

(Rroot-2500) and 400 ppm (Rroot-400). The reason for this

experiment was that the mean CO2 concentrations were

2519 � 1927 ppm at the soil depth of 45 cm but only

433 � 12 ppm for ambient air, and it was reported that CO2

concentration around roots could affect root respiration

significantly (Burton et al., 1997; Lipp and Andersen,

2003). The ratio of Rroot-2500 to Rroot-400 was then obtained

and used for correcting the root respiration.

2.4. Root biomass and soil microbial biomass

Root biomass at each forest was estimated by taking soil

cores. Nine soil cores of 40 cm (length) � 25 cm

(width) � 60 cm (depth) were taken in each forest at the end

of April and October in 2001.The roots were picked out,

cleaned with water, oven-dried at 80 8C and weighed.

Nine soil samples of 0–15 cm soil layer beside the control

plots were taken in April and October 2001. Soil microbial

biomass was measured using fumigation-incubation (FI)

method (Jenkinson and Powlson, 1976).

2.5. Data analysis

A one-way ANOVA was used to compare Rtotal, Rroot, Rrhizo

and Rmicro between the three forests and Fisher’s least

significant difference (LSD) procedure was used for multiple

comparison analysis. T-test was conducted to compare the

difference between the dry and rain season. Non-linear

regression analysis was used to examine the correlation of

the soil respiration rate with the temperature and soil water

content. Statistical calculations were performed using SPSS

10.0 for Windows and SigmaPlot 9.0.
Fig. 3. Change of root respiration rate after roots have been excised. Bars refer

to standard deviations (N = 3).
3. Results

3.1. Root respiration rates after excision and under

different CO2 concentration

Root respiration rates decreased quickly after the roots were

excised from the plants. The ratio of R30 to R0 was about

0.52 � 0.05 for both species (Fig. 3). The respiration rates of

the excised roots were significantly lower under the CO2

concentration of 2500 ppm (Rroot-2500) than those under

400 ppm (Rroot-400). The ratio of Rroot-2500 to Rroot-400 was

0.33 � 0.20 (N = 17).
Fig. 4. Soil temperature (a), soil moisture (b) and soil respiration (c) under three

forests. BF (solid circles), MF (open circles) and PF (triangles). Bars refer to

standard deviations (N = 9).



Fig. 5. Root biomass (a) and soil microbial biomass (b) under BF, MF and PF.

Bars refer to standard deviations (N = 9). # means significant difference of root

biomass between rain season and dry season in all three forests. * means

significantly higher soil microbial biomass in BF than those in MF and PF in

rain season and dry season.

Fig. 6. Total soil respiration (a), root respiration (b), root-free soil respiration (c)

deviations (N = 9).
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3.2. Soil temperature and soil water content

Soil temperature at 10 cm depth did not differ across three

forests. The mean soil temperatures ranged from 13.6 to

25.0 8C, 15.8 to 27.3 8C and 14.4 to 27.2 8C at soil depth of

10 cm in BF, PF and MF, respectively (Fig. 4a). The maximum

values were recorded in July or August and the minimum in

January or February.

Soil water content did not show significant seasonal

fluctuation, and it ranged from 20.2 to 28.8%, 10.9 to 19.2%

and 11.4 to 22.0% in BF, PF and MF, respectively (Fig. 4b). The

maximum soil water content was recorded in May or June and

the minimum in January. Soil water content in BF was

significantly higher than those in MF and PF ( p < 0.05), but it

was not significantly different between MF and PF.

3.3. Root biomass and soil microbial biomass

The mean root biomass was 11.1 � 4.4, 9.3 � 1.9 and

10.3 � 3.5 t ha�1 in rain season and 8.3 � 4.7, 7.4 � 4.3 and

8.2 � 2.0 t ha�1 in dry season in BF, PF and MF, respectively.

No significant variance of the root biomass was found between

three forests, but the root biomass differed significantly

between rain season and dry season in all three forests

( p < 0.05) (Fig. 5a).

The mean soil microbial biomass was 687 � 113, 520 � 45,

534 � 43 mg Cmic g�1 dry soil in rain season and 617 � 37,

446 � 62, 474 � 77 mg Cmic g�1 dry soil in dry season in BF,

PF and MF, respectively. The microbial biomass was

significantly higher in BF than those in MF and PF

( p < 0.05), but no significant difference was found between

MF and PF. Soil microbial biomass did not differ significantly

between the rain season and the dry season (Fig. 5b).
and rhizomicrobial respiration (d) under three forests. Bars refer to standard
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3.4. Rates of Rtotal, Rroot, Rrfs and Rrhizo

Rtotal ranged from 344.5 to 684.9 mg CO2 m�2 h�1 in BF,

328.0 to 547.2 mg CO2 m�2 h�1 in PF, and 290.1 to 635.4 mg

CO2 m�2 h�1 in MF, with the average of 477.9 � 96.3,

429.5 � 61.0 and 435.4 � 95.1 mg CO2 m�2 h�1 in BF,

PF and MF, respectively. It did not differ significantly

between the forests. Rtotal increased in summer and decreased

in winter, which corresponded to the seasonal change of

soil temperature (Fig. 4a, c). Rtotal was significantly

higher in rain season than that in dry season ( p < 0.05)

(Fig. 6a).

The mean rates of Rroot were 131.5 � 53.6, 96.2 � 33.6 and

105.8 � 44.3 mg CO2 m�2 h�1 in BF, PF and MF, respectively.

Rroot tended to be higher in BF than that in MF and PF, and it

tended to be higher in rain season than that in dry season under

all the forests (Fig. 6b).

Rrfs obtained at the ‘‘asymptote’’ phase by trenching method

were 204.8 � 57.8, 162.8 � 50.7 and 177.3 � 61.3 mg CO2

m�2 h�1 in rain season and 208.9 � 41.5, 194.3 � 34.8 and

195.7 � 46.4 mg CO2 m�2 h�1 in dry season in BF, PF and MF,

respectively. Significant difference of Rrfs was not observed

among the three forests, nor between the rain season and the dry

season (Fig. 6c).

The estimated Rrhizo were 97.9 � 25.1, 159.6 � 47.3 and

132.3 � 27.0 mg CO2 m�2 h�1 in the rain season and 132.6 �
21.5, 160.9 � 50.2 and 141.3� 37.5 mg CO2 m�2 h�1 in the dry

season in BF, PF and MF, respectively. Rrhizo tended to be higher

in the rain season than that in the dry season, but it did not differ

significantly (Fig. 6d).

3.5. The ratios of Rroot, Rrfs and Rrhizo to Rtotal

The contributions of different components to Rtotal

differed between the forests in both the rain and the dry

season. In the rain season, Rroot-to-Rtotal and Rrfs-to-Rtotal

ratios in BF were higher than those in MF and PF. Significant

differences of Rrhizo-to-Rtotal ratios were found between the

forests, with the highest values in PF and the lowest in BF. In

the dry season, there were no significant differences of Rroot-

to-Rtotal and Rrfs-to-Rtotal ratios between the forests, but

significant difference of Rrhizo-to-Rtotal ratios were found

between the forests. The Rroot-to-Rtotal ratios in the rain

season were significantly higher than those in the dry season

(Table 2).
Table 2

Contribution of different components to total soil respiration

Component Rain season

BF MF PF

Rroot (%) 35.4(8.5) 29.1(6.3) 26.1(5.

Rrfs (%) 43.7(6.7) 40.6(9.1) 37.3(10

Rrhizo (%) 20.9(5.4) 30.3(7.5) 36.6(8.

Data are means, standard deviations in parentheses, N = 9.
4. Discussion

4.1. Contributions of soil respiration components to Rtotal

Contributions of Rroot, Rrhizo and Rrfs to Rtotal varied with soil

types, vegetation types, forest age, environmental conditions

and methods employed (Kelting et al., 1998; Andrews et al.,

1999; Hanson et al., 2000; Chen et al., 2006). Hanson et al.

(2000) summarized about 50 reports and found that the

contribution of the Rroot to Rtotal ranged from 30 to 80%, with

the mean ratios of 48% from autotrophic respiration for forest

and 60% for nonforest ecosystems. Through the meta-analysis

of the soil respiration partitioning studies from the literature of

the past 30 years, Subke et al. (2006) found that the contribution

of heterotrophic respiration to total soil respiration decreased

with the increase of annual soil respiration for forest

ecosystems. Kelting et al. (1998) estimated that Rroot, Rrhizo

and Rrfs contributed 32, 20 and 48% to Rtotal in forest,

respectively. Chen et al. (2006) found that Rroot, Rrhizo and Rrfs

accounted for 43–66, 29–53 and 1–5% under radiata pine,

respectively.

In the present study, the Rroot-to-Rtotal ratios ranged from

18.1 to 35.4%, with higher values in the rain season and lower

values in the dry season. The different ratios between the rain

and dry season could be attributed to the different reaction of

autotrophic and heterotrophic respiration to soil water content

(Andersen et al., 2005). On the other hand, the higher Rroot-to-

Rtotal ratios in rain season could be owed to the phenology in

DBR. Here there was an obvious seasonal wet–dry cycle

accompanied by a biotic growth cycle. The plants started

germinating from March to May, flowering from March to June,

and fruiting from July to October (Li and Wang, 1984). The

plants grew faster and higher root biomasses were recorded in

the rain season (Fig. 5a), which resulted in higher root

respiration. Only the Rroot-to-Rtotal ratios in rain season in the

present study were comparable to those obtained from other

forest ecosystems (Bowden et al., 1993; Kelting et al., 1998).

The ratios were higher than 23% reported by Sulzman et al.

(2005), who obtained the rhizospheric respiration (including

root and rhizomicrobial respiration) by the difference of control

and trenched plots for forest ecosystem. The ratios were lower

than that obtained by other studies using trenching method in

forests (Ewel and Cropper, 1987; Tang et al., 2005). Rroot in

their study actually included both root respiration and

rhizomicrobial respiration. The ratios in our study would be
Dry season

BF MF PF

6) 22.1(4.4) 20.0(4.6) 18.1(5.4)

.1) 47.6(10.2) 46.4(8.1) 44.8(10.5)

0) 30.2(7.4) 33.5(7.3) 37.1(9.7)



Table 3

Correlation equations between soil respiration and soil temperature and soil water content

Forest type Equation R2

BF R = �2812.8 � 98.4(T10) + 2.8(T10 � T10) + 372.2(W) � 6.5(W �W) 0.81*

MF R = �249.4 � 97.9(T10) + 2.4(T10 � T10) + 182.5(W) � 5.0(W �W) 0.91**

PF R = 314.6 � 84.2(T10) + 2.0(T10 � T10) + 119.7(W) � 3.6(W �W) 0.87**

Soil respiration (mg CO2 m�2 h�1), soil temperature at 10 cm deep soil (8C) and soil water content (% m/m) are represented as R, T10 and W, respectively.
* Significant at a 0.05 level.

** Significant at a 0.01 level.
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comparable to those results if the Rrhizo had been included in

Rroot in the present study. Using trenching methods, Bond-

Lamberty et al. (2004) found that minimal annual root

respiration was 5% of total respiration in the recently burned

stands, 40% in the 21-year-old stands and 5–15% in the oldest

(152-year-old) stands. The Rroot-to-Rtotal ratios in DBR were

also lower than those obtained by other study (Ohashi et al.,

2000). This was probably attributable to the low contribution of

the root biomass in DBR. In general, the ratio of the root to the

total plant biomass was about 25–30% (Vogt et al., 1996), but it

was only about 18.8% in DBR (Zhang and Ding, 1996).

Table 2 showed that the annual mean ratios of Rrfs-to-Rtotal

were 45.7, 41.1 and 43.5% in BF, PF and MF, respectively. Our

values were within the range of the ratios reported in the

northeast China using the same trenching method (Jiang et al.,

2005). Our values were also comparable to those estimated with

three-compartment model by Kelting et al. (1998), but were

much lower than those estimated with two-compartment model

(Bowden et al., 1993). Rrhizo was considered to be part of the

Rrfs in the two-compartment model of Bowden et al. (1993),

which caused a higher value of the Rrfs.

4.2. Factors controlling soil respiration

It was reported that soil respiration was controlled by a range

of biotic and abiotic factors, such as temperature, soil water

content, aboveground vegetation structure, photosynthetic

activity, or plant phenological development (Subke et al.,

2006). Soil respiration rates have been found to increase

linearly, sinusoidally or logarithmically with soil temperature

(Raich and Schlesinger, 1992). The correlations between the

soil respiration and the temperature were also found in the

present study. The Q10 values were 1.26–1.46, which were

lower than those reported for temperate forests (Raich and

Schlesinger, 1992; Bowden et al., 1998). We considered that the

seasonal variation of the soil temperature was smaller in the

tropical and subtropical forests than that in temperate forests;

therefore, soil respiration was not so sensitive to soil

temperature as that in temperate forests.

The correlations between soil respiration and soil water were

significant ( p < 0.05). Soil water content of 15–25% was

detected to be optimal for soil respiration. However, Sulzman

et al. (2005) found the relationship between soil respiration and

soil water was poor and they concluded that it was because that

the optimal water content is bimodal and out of phase with

biologically optimal temperature.
Considering both soil water content (W) and soil

temperature (T) as the major variables affecting soil

respiration, multiple regressions were established (Table 3).

The values of R2 were improved compared to those

considering the soil temperature or the soil water content

alone, suggesting soil respiration was influenced concurrently

by these two factors. The similar correlation between the soil

respiration and the temperature and soil water content were

also found by other studies (Bowden et al., 1998; Fernandez

et al., 1993).

Other factors besides the temperature and soil water also

influenced soil respiration. As mentioned above, higher root

biomass in rain season caused higher root respiration and soil

respiration in rain season. Same to the root biomass, the soil

microbial biomass in rain season was higher than that in dry

season (Fig. 5b), which suggested that soil microorganisms

influenced soil respiration. Adachi et al. (2006) also found that

soil respiration increased with fine root biomass and microbial

biomass in the tropical forests. These results suggested that the

temporal change in soil respiration was affected not only by the

seasonal change of soil temperature and soil water content but

also by the biotic factors (Adachi et al., 2006).

Studies also showed that soil respiration varied with forest

types (Fernandez et al., 1993), the management of forests

(Raich and Schlesinger, 1992), litter-fall production (Raich and

Nadelhoffer, 1989) and soil organic carbon (Adachi et al.,

2006). In the present study, carbon inputs through the litter-fall

were 5.30, 7.83, and 2.94 t ha�1 in BF, MF and PF, respectively.

Since the mean annual decomposition rates of litter-fall were

49.2, 40.8 and 36.9% in BF, MF and PF, respectively, the carbon

inputs were 2.61, 3.19 and 1.09 t ha�1 in corresponding forests

(Zhang et al., 2000). However, SOC in Table 1 showed it was

the highest in BF and the lowest in PF. Whether root exudates

and sloughed roots significantly contributed to SOC was

unclear. Therefore, the correlation between soil respiration and

SOC warrants further investigation.

4.3. Advantages and potential sources of error

Although there exists some disadvantages in the technique

employed in the present study, our results showed that the

combination of the trenching and the root excision method is a

practical approach to separate total soil respiration into

different components in the field.

The advantages and disadvantages of the techniques for

separating autotrophic and heterotrophic respiration were
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summarized in the previous studies (Kuzyakov and Larionova,

2005; Subke et al., 2006). In the present study, the root excision

method would introduce not only physical wound to root, but also

an artificial physical (no soil medium) and chemical environment

(lower CO2 concentration around roots). It is noteworthy to point

out that CO2 concentration is usually different at different soil

depths, with a range of 2000–6000 ppm. We measured the root

respiration under both 400 and 2500 ppm, and a correction factor

was used for the root respiration correction. This would make our

root respiration data more reliable; however, errors could not be

excluded when only one concentration of CO2 was considered

for the whole soil profile. In some studies, high CO2 has been

shown to inhibit or alter total respiration rate (Burton et al., 1997)

and maintenance respiration rate (Lipp and Andersen, 2003). In

spite of the criticisms on the root excision method, it is still a

common approach to measure the root respiration because it is

convenient and direct. The trenching method has also been

widely used to partition soil respiration into autotrophic and

heterotrophic respiration (Kelting et al., 1998; Bond-Lamberty

et al., 2004; Jiang et al., 2005). This method also introduces

complications that are difficult to resolve. Firstly, the creation of

trenching plots will disturb the soil structure, consequently,

causing changes in soil temperature and soil water content.

Secondly, the residual roots introduced by the trenching plots

will cause the increase of soil respiration for a certain period of

time, which will cause the Rroot-to-Rtotal ratios be underestimated

by 5–10% (Bond-Lamberty et al., 2004). Thirdly, the timing of

the measurement is difficult to determine. Our results showed soil

respiration rates reached to the relatively stable values after the

plots were trenched for four months, which was consistent with

Kelting et al. (1998). However, other studies suggested that the

trenched plots would not reach to the equilibrium until one year

after the trenching (Ewel and Cropper, 1987; Bowden et al.,

1993; Bond-Lamberty et al., 2004).

Soil respiration rates and root respiration rates obtained by

the dynamic chamber in the present study might be over-

estimated, and it is one of the most common sources of error in

soil CO2 efflux using the dynamic chamber. Firstly, the CO2

from soil respiration in the dynamic chamber would be

extracted immediately, which might cause an increase pulse of

CO2 release to atmosphere. Secondly, to calculate soil

respiration rates with the dynamic chamber, the difference of

CO2 concentration between the inlet and outlet was used. CO2

concentration of the outlet could be used only when the CO2

concentration inside the chamber reached the equilibrium,

however, it was difficult to detect such an equilibrium point in

the present study, which might cause a possible over-estimation

of the soil respiration rates. Although negative air pressure

inside the chamber would cause the increase of soil respiration

and root respiration rates, it would cause little effect on the flux

comparisons between trenched and not trenched plots as the

relative artifact applies to both treatments.

5. Conclusion

The present study demonstrated that soil respiration rates

and root respiration rates varied significantly between the rain
season and the dry season. The ratios of each component to total

soil respiration varied with the forests and seasons, which could

be attributed to the differences in temperature, soil water

content, root biomass and soil microbial biomass. The influence

of carbon input and soil organic carbon on soil respiration is

still unclear in the present study and warrants further

investigation. In general, our results suggested that the effects

of forest types and seasons on soil respiration and the ratios of

each component to total soil respiration should be taken into

account in regional and global C modeling or budgeting.

Taking into account all the advantages and disadvantages,

the root excision method combined with the trenching method

seemed to be a practical approach for partitioning total soil

respiration into three components.
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