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ABSTRACT
The forest age, environmental abiotic and biotic factors are important in controlling soil CO 2 efflux in forest ecosystems, as they
play an important role in soil respiration. The aim of this study was to determine the environmental factors associated with each
forest age and their impact on the soil CO2 efflux rate. This study was conducted in 10-, 30-, 50- and 70-year-old recovering
tropical lowland forests in Peninsular Malaysia, measuring soil CO 2 efflux using the continuous open flow chamber technique
connected to a multi gas-handling unit and infrared gas analyser. The forest biomass and soil properties were quantified using
the Kjeldahl method and Walkley-black wet oxidation technique. The results show that soil CO2 efflux was higher in the 10-yearold forest than the older forests and lowest in the 70-year-old forest. Soil CO2 efflux ranged from 92.09 to 634.78, and 106.77 to
536.00 mg m-2 h-1 between February and June, and September and December for all forests. The higher soil CO2 efflux in the 10year-old forest was significantly positively correlated with high soil temperature (R=0.96) compared to the spatial and temporal
variation in the 30-, 50- and 70-year-old forests. The entire spatial and temporal variation in soil CO2 efflux can be largely
accounted for by the soil properties, forest carbon input and environmental factors. In conclusion, soil CO2 efflux, soil
properties, microclimate condition and forest biomass varies significantly with forest age. Soil CO 2 efflux decreases with forest
age, and increases the carbon use efficiency. The environmental factors, dominated by soil temperature, affect soil CO2 efflux
substantially.
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Introduction
Soil CO2 efflux in the forest is an important process that is responsible for the carbon loss from the terrestrial ecosystem because
it accounts for 67-76% of the total ecosystems respiration (Law et al. 1999; Janssens et al. 2001; Raich et al. 2002). Soil CO2
efflux is a major component for assessing the capacity of the forest ecosystems as part of the global carbon budget and for
predicting its change to climate change (Wang et al. 2006). Likewise the forests play a major role in the global terrestrial carbon
balance as they determine the net ecosystem carbon exchange (Valentini et al. 2000); therefore, estimating the soil CO2 efflux
from forests of different ages and their contributions to the atmospheric carbon balance is a crucial challenge in climate change
and carbon cycle research.
The tropical forests are acknowledged to contain approximately 37% of the global terrestrial carbon pool within the soil and
vegetation (Dixon et al. 1994), and any change in the tropical forests CO2 fluxes can have a negative effect on the carbon budget
because of its dominant role in the global terrestrial carbon cycle (Bae et al. 2012). Despite the vital role of the tropical forest
systems, deforestation and land conversion are at high rates resulting in a release of soil CO2 (Murphy et al. 2008). For example,
recovering forests vary with age resulting from deforestation, logging and land conversion, and account for much of the soil CO2
efflux, which has been estimated to be 75% in tropical Asia (Houghton and Hackler 1999). The contribution of roots and
microbial respiration to the total soil CO2 efflux ranges from 10 to 90%, depending on the forest age, vegetation type and season
(Boone et al. 1998; Hanson et al. 2000; Frey et al. 2006). The respiration associated with microbial activities varies among
forests of different ages, as it involves the contribution and decomposition of litter and the mineralization of soil organic matter,
as they are affected by many biotic and abiotic factors, such as litter biomass, vegetation, substrate supply, soil temperature, soil
moisture, microbial biomass, carbon to nitrogen ratio, soil pH and carbon content (Kang et al. 2003; Scott-Denton et al. 2003;
Dilustro et al. 2005; Li et al. 2008). As a result of the spatial and temporal changes resulting from these aforementioned factors,
soil CO2 efflux also varies among forests of different ages, at both the small and large scale (Fang et al. 1998). It is vital to
estimate soil CO2 efflux in the recovering forests of different ages while taking cognisance of the associated environmental
factors for a better understanding of the rational involved.
The natural forest of Malaysia has suffered greatly from deforestation, logging and land conversion, so afforestation is of
increasing importance, particularly, as Dipterocarps are not a fast growing species but yield significant biomass production. The
recovering forests of the tropical climatic zone have proven to be an interesting research subject because of their fast responses to
environmental changes and the need for the management of the forests in the global carbon balance (Gielen and Ceulemans
2001). The response of the tropical forest ecosystems to the rise in atmospheric CO 2 will likewise have implications for future
forest management, and, hence, having detailed information on soil CO 2 efflux from the recovering forests of different ages and
the control factors to guide future management decisions is critical for managing carbon budgets in the tropical forest
ecosystems.
The scope of this study involves the investigation of soil CO2 efflux in forests of different ages and the associated environmental
factors, such as forest biomass carbon input, total above ground biomass, below ground biomass, forest carbon stock, soil
organic carbon, soil organic carbon stock, soil temperature, soil moisture, water potential, carbon to nitrogen ratio and soil pH.
The main objectives were (1) to investigate the spatial and temporal variation of soil CO 2 efflux in a recovering forest and the
impact of forest age on soil CO2 efflux, and (2) to determine the environmental factors associated with each forest age and the
rate of influence on soil CO2 efflux.
Materials and methods
Study site
The study was conducted in Sungai Menyala forest reserve, Port Dickson, Negeri Sembilan, Malaysia, located at 27 050′95″N,
43064′99″E (Fig. 1). The forest reserve is a research, recreational and extension forest for Negeri Sembilan, Malaysia. The study
area is approximately 93.1 km from Kuala Lumpur, the federal capital of Malaysia. The forest reserve has fifteen forest
compartments of various trees species and ages, and a logged-over area with a total land mass of 1,273.43 hectares, located 500
m above sea level with a slope slant of 10-20% in the multimedia and super corridor area. Four forest compartments of 1500 m
to 3 km apart, comprising various trees species and different tree ages were selected for this research. The four compartments
comprised 10-, 30-, 50- and 70-year recovering forests that included the following trees species – Dipterocarpus baudii,
Dipterocarpus verruscosus, Shorea pauciflora, Shorea bracteolata, Shorea spp, Shorea acuminata, Shorea parvifolia, Shorea
macroptera, Shorea leprosula and Kopmpassia malaccensis (Fig. 1). An extensive field research was performed on a daily basis
between the months of February and June, and September and December 2013, representing the post monsoon, pre-monsoon and
monsoon period. The experiment was carried out in 50 x 50 m plots with two replicates in each forest ecosystem. The
Dipterocarpus forest had been regenerated and the stand density was naturally maintained without any artificial management
such as thinning. There was little ground vegetation and its contribution to below ground biomass to total above ground biomass
was negligible. The soil was classified as the Serdang-Kedah series developed over mixed sedimentary rocks with a combination
of local alluvium colluvium resulting from metamorphic rock (Paramananthan 1998; Paramananthan 2012). In the
FAO/UNESCO Soil Map of the World – Revised Legend (FAO 1990), the Serdang series is classified as Haplic Nitisols, with a
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mean temperature range of 23.7-320C, relative humidity of 59-96%, and a monthly rainfall of 200 mm (Suhaila and Jemain,
2008), while the average solar radiation was 17.00 MJm-2 and the daily evaporation rate was 3.1 mm day-1 (MMD 2013).
We selected four Dipterocarpus forests of different ages located within 1500 m, 1800 m and 3 km of each other with similar
environmental conditions and management histories. Table 1 summarizes the site characteristics of the forests.
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Figure 1: Map of Sungai Menyala Forest Reserved showing various forest compartments.

Source: Negeri Sembilan Forest Dept. 2013.
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Table 1: Sites characteristic of the four forests ecosystems
Site

Stand
age(yr)

Area of
Forest
(hac)

1

10

242.91

2

30

3
4

Average diameter at
Breast height (DBH,cm)

Average trees
height (m)

Leaf
Area
Indx (LAI)

92

20.78

2.94

117.64

103.9

30.11

2.97

50

173.63

123.6

39.89

5.69

70

202.67

165

50.01

6.0

Measurement of soil respiration
Soil respiration was measured using two constructed continuous open flow chambers connected to a multi gas-handler (WA 161
model), which provide a channel to regulate the flow of CO2 from the various chambers to a flow meter connected to a CO2/H2O
gas analyser, as described by Mande et al. (2013). Thirty sampling points were established in each of the forest ecosystems and
soil collars were inserted 3 cm into the soil for 24 hours to create an equilibrium stage before the chambers were placed on them,
with a 3 cm thick closed foam gasket to prevent leakage from the chamber base. Soil CO 2 efflux was measured continuously on a
daily basis from 0800 hours to 1700 hours from February to June 2013 and September to December 2014. Efflux was recorded
every 5 sec over a period of 5 min in each chamber, from which an average was calculated to estimate the CO2 concentration
over 5 min for each chamber.
Measurement of environmental factors and Soil sampling
Soil temperature, soil moisture and water potential at depth of 5 cm near the soil collars were measured concurrently on a daily
basis from 8:00 to 17:00 hours using the soil temperature probes, moisture probes and Trime-FM TDR (Watchdog data logger
model 125 spectrum technology, Delmorst model KS-D1 and Trime-Fm TDR), respectively.
Soil samples were collected randomly from three different sampling points from 0-100 cm depth using the soil core with a metal
core sampler of 10 cm in diameter and 10 cm in height. The samples were placed in sterile plastic bags, sealed and returned to
the laboratory and later oven-dried at 105oC for 48 hours to determine the soil water content (mass basis) (Gong et al. 2012).
Soil samples were analysed for Soil Organic Carbon (SOC), Bulk Density, Electric Conductivity (EC) and Cation Exchange
Capacity (CEC), and the soil moisture contents (SMC) and soil pH were measured in water (1:2.5 w/v) according to the Kjeldahl
method (Bremner 1960) while the Walkley-black wet oxidation technique was used to determine the total organic carbon (TOC)
(Sollins et al. 1999). The soil organic carbon stock (SOCstock) was estimated using the model of Eleanor (2008) within a given
depth of top soil ranging from 0 to 100 cm.
Forest biomass, Litter fall input and leaf area index (LAI)
The estimation of forest biomass was carried out using the allometric relationships obtained in the forest according to the
International Biological Programme (Kira 1978). To estimate the carbon input from the forest biomass, the tree height and
diameter breast height (DBH) of about 3,168 trees in four main different plots of 50 x 50 m were measured. All the trees > 5 cm
in DBH were identified, mapped and tagged, and their DBH were measured. If a tree had large buttresses, its DBH was measured
just above the buttresses (Niiyama et al. 1999). The DBH was measured using a DBH tape, 1.3 m above the forest floor for each
tree (Manokaran et al. 1990) and the Total Above Ground Biomass (TAGB), Below Ground Biomass (BGB) were estimated
using the model of Kato et al. (1978), while the Total Forest Carbon (SOCs) was based on the model of Ogawa et al. (1963). The
model estimates the tree stem, branch and leaf biomass. These components form the total above ground biomass (TAGB) based
on simple regression lines fitted for DBH and tree height. To estimate the carbon to nitrogen ratio (C:N) and litter productivity,
ten litter traps were installed at 1 m above the forest floor, and the litter was collected at two week intervals throughout the study
period. The litter from each trap was transported to a laboratory and oven-dried at 75oC for 48 hr. All dried samples were
separated into broad-leaves, needles, bark, cones branches and miscellaneous components, oven-dried at 750C and weighed. The
C/N ratio concentration was determined using a TruMac CNS macro elemental analyser (vario MACRO CN, Elementar
Analysensysteme GmbH, Germany), while the mass loss rates in the needle litter were estimated using the litterbag technique
(Kim 2007). The leaf area index (LAI) was determined on a monthly basis during the period of study using a Sunfleck
Ceptometer (AccuPAR model SF-80, Decagon, Pullman, WA). The Sunfleck Ceptometer considers the canopy leaf distribution
in which the LAI was calculated at an instant measurement by positioning the ceptometer horizontally 1 m above ground level,
and 6 readings taken in the four cardinal directions within the stand density (Bolstad and Gower 1990).
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Statistical analysis
The soil CO2 efflux, TAGB, BGB, SOCstock, soil temperature, soil moisture and water potential of each forest stand were
subjected to one way analysis of variance (ANOVA), followed by a post hoc Dunn’s test and Tukey’s multiple comparison test
(Mande et al. 2013; Müller et al. 2011) using version 21.0 of SPSS software (SPSS Inc., Chicago, Illinois, USA. The analysis of
variance (ANOVA) was used to test the difference in the standard deviation and mean soil CO 2 efflux, soil temperature, soil
moisture and water potential for different months based on the least significant difference (LSD) method, and the significance of
each forest stand on soil CO2 efflux, at a significance level of P<0.05. The descriptive statistics were established to calculate and
explain the normality of the data distribution and also to quantify the correlations between soil CO 2, TAGB, changes in soil
properties as well as environmental factors. Exponential regression and the multiple linear regression models were employed to
ascertain the significant effect of the environmental properties on soil CO 2 efflux in the study area, likewise Pearson’s correlation
was calculated to show the correlation of CO2 efflux variation with the environmental factors and changes in soil properties.
Results
Soil CO2 efflux pattern for different forest ages
The total soil CO2 efflux clearly varied among the four forest ecosystems at different forest ages. Analysis of variance indicated
that the forest age significantly affected soil CO2 efflux. There were significant differences among the 10-, 30-, 50- and 70-yearold forests (P<0.05) (Fig. 1). In the 10-year-old forest, soil CO2 efflux ranged from 100.22 to 553.40 mg m-2 h-1 between
February and June, and 115.33 to 536.00 mg m-2 h-1 between September and December; versus from 99.23 to 520.58, and 180.96
to 500.22 mg m-2 h-1 between February and June, and September and December, respectively, in the 30-year-old forest; 100.13 to
634.78 and 141.44 to 424.89 mg m-2 h-1, February and June, and September and December, respectively, in the 50-year-old
forest; and 92.09 to 619.67, and 106.77 to 528.67 mg m-2 h-1, February and June, and September and December, respectively, in
the 70-year-old forest. On average, soil CO2 efflux in the 10-year-old forest was significantly (P<0.05) higher than in the older
forests, but the 50-year-old forest had significantly higher soil CO2 efflux than the 30- and 70-year-old forest between February
and June. Likewise, from September to December, the soil CO2 efflux for the 10-year-old forest was significantly (P<0.05)
higher than for the older forests.
Soil CO2 efflux showed a similar single-peak pattern in all four forests from February to December. The mean daily soil CO 2
efflux rates for all the forest ecosystems increased from February attaining their peak in June except for the 50- and 70-year-old
forests, for which the efflux peaked in May and February, respectively, which is attributed to the fluctuations in environmental
factors. Soil CO2 efflux subsequently decreased in September and December. Soil CO2 efflux increased sharply with increasing
soil temperature and decreasing soil moisture and water potential and decreased with an increase in soil moisture, water potential
and decreasing soil temperature. The efflux rate increased in the morning at 0800 hours and peaked in the afternoon between
1300 hours and 1400 hours before declining as the sun set. The magnitude of fluctuation in the soil CO2 efflux rate was greatest
in the 10-year-old forest, followed by the 30- and 50-year-old forests, with the 70-year-old forest showing the lowest
fluctuations.

Figure 2: Variation in soil CO2 efflux for the four forests Ecosystem. The variation differed
significantly (P<0.005) among the forest ages.
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Effect of abiotic and biotic factors on soil CO2 efflux
The multiple regression model was used to present the study in terms of the spatial and temporal variation of soil CO 2 efflux with
respect to soil temperature, moisture and water potential since it provided a better fit of R2 (P<0.05). The correlation analysis
showed that soil CO2 efflux was more strongly significant and positively correlated between soil temperature and soil moisture in
the 10-year-old forest (R=0.65 to 0.96; P<0.05) (Tables 2 & 3). We also found a strongly significant positive correlation among
soil temperature, soil moisture and water potential for the 30-, 50- and 70-year-old forests (R= 0.74 to 0.96, P<0.05, Tables 4 &
5; R=0.65 to 0.96, P<0.05, Tables 6 & 7; R=0.55 to 91, P<0.05, Tables 8 & 9) respectively. The relationship was generally
equally good at the four ages and the relevance clearly increased with increasing forest age.
In order to establish the impact of soil temperature, soil moisture and water potential on the spatial and temporal variation of soil
CO2 efflux from February to December. In the 10-year-old forest, the month of February showed a beta coefficient of 0.71 and 1.10 for soil temperature and moisture, while, in March, the impact of soil temperature and moisture was recorded as 0.88 and 1.01. This indicated that soil temperature accounted for a significant effect in soil CO 2 efflux compared to soil moisture. Soil
CO2 efflux responded to an increase in soil temperature, as observed in the month of April to display a beta coefficient of soil
temperature and moisture impact on soil CO2 efflux at 0.388 and -0.61, respectively. The March beta coefficient of soil
temperature and moisture were recorded at 0.70 and 0.56, respectively, suggesting a significant impact from soil temperature as
the soil moisture was at constant level. The month of June beta coefficient was attributed to the effect of soil temperature on
CO2 efflux compared to the soil moisture at 0.86 and -0.69, respectively. The influence of soil temperature and moisture was
observed to occur each month, indicating a significant impact on the variation of soil CO 2 efflux. The coefficient of the model of
environmental properties for the months of September to December (Pre-monsoon and monsoon regime), were shown to occur at
0.92, 0.32 and -0.79 of soil temperature, moisture and water potential for the month of September; and 0.81, 0.47 and -0.14 for
soil temperature, moisture and water potential for October. This indicated that the soil temperature and soil moisture had a major
effect on soil CO2 efflux compared to water potential. The exponential impact was observed from the soil temperature, moisture
and water potential on soil CO2 efflux at 0.48, 0.31 and 0.30 beta coefficient, respectively, for November, while, for December,
the beta coefficients were 0.51, -0.05 and 0.37 for soil temperature, moisture and water potential, which is attributed to the effect
of soil temperature and water potential on soil CO2 efflux compared to the soil potential. These occurrences signified the
potential impact of the environmental factor on soil CO2 efflux as the precipitation increased during the measurement period,
which increased the nutrients and water movement for the benefit of microbial activities. The relationship is equally good for the
30-, 50- and 70-year-old forests and the relevance clearly increased with the change in the season and forest age. The effects of
soil temperature, soil moisture and water potential are therefore confounded. To clarify the contribution of these environmental
factors to the observed changes in the soil CO2 efflux rate, Pearson’s correlation analysis was performed. With soil temperature
as the control variable, the correlation between soil moisture and soil CO2 efflux was significant (p<0.001) and positive (0.57),
while the water potential and soil CO2 efflux was also significant (p<0.001) and positive (0.53). When soil moisture was the
control variable, the correlation between the soil temperature and soil CO2 efflux was significant (p<0.001) and positive (0.68),
and the water potential was significant (p<0.001) and positive (0.55). When water potential was the control variable, the
correlation between the soil temperature and soil CO2 efflux was significant (p<0.001) and positive (0.68), and the soil moisture
was significant (p<0.001) and positive (0.55). During the entire period of measurement, soil temperature was shown to exert a
stronger control then the other environmental properties on soil CO2 efflux.
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Table 2: Ten-year-old Forest Best Single and Multiple-Regression Models
were generated using Enter Independent Variable Selection from Feb-June
Model
February
March
April
May
June

Adj- R2
.62
.42
.42
.53
.64

R Square
.79
.66
.65
.74
.81

Std Error of estimation
43.08
65.92
72.10
49.38
84.98

F
58.75
26.92
24.69
40.77
63.49

Sig
<0.001
<0.001
<0.001
<0.001
<0.001

Table 3: Ten-year-old Best Single and Multiple-Regression Models
were generated using Enter Variable Selection from Sept- Dec
Model

R square

Adj-R2

September
October
November
December

.87
.92
.96
.81

.75
.84
.92
.64

Std Error of
estimation
45.86
38.87
28.52
44.90

F
Sig
0.001
0.001
0.001
0.001

70.92
128.20
287.19
43.14

Table 4: Thirty-year-old Forest Best Single and Multiple-Regression
Models were generated using Enter Independent Variable Selection for Feb-June
Model
February
March
April
May
June

R Square

Adj- R2

.96
.93
.92
.94
.91

.92
.85
.77
.90
.75

Std Error
of estimation
41.04
38.49
31.64
52.19
29.96

F

Sig

244.29
186.42
125.86
218.84
102.06

<0.001
<0.001
<0.001
<0.001
<0.001

Table 5: Thirty-year-old Best Single and Multiple-Regression
Models were generated using Enter Independent Variable
Selection for Sept-Dec
Model

R Square

Adj- R2

September
October
November
December

.95
.88
.90
.74

.89
.77
.80
.53

Std Error
of estimation
31.56
36.91
35.19
42.057

F

Sig

201.62
75.43
97.91
27.84

<0.001
<0.001
<0.001
<0.001

Table 6: Fifty-year-old Best Single and Multiple-Regression
Models were generated Using Enter Independent Variable
Selection from Feb- June
Model

R Square

Adj- R2

February
March
April
May
June

.65
.78
.93
.68
.86

.42
.61
.86
.44
.73

Std Error
of estimation
68.45
96.01
54.73
93.75
51.36

F

Sig

16.47
35.49
139.98
19.76
63.59

<0.001
<0.001
<0.001
<0.001
<0.001

Table 7: Fifty-year-old Best Single and Multiple Regression Models
were generated using Enter Independent Variation Selection
from Sept-Dec
Model
September
October
November
December

Rsquare

Adj-R2

.92
.96
.87
.89

.83
.91
.75
.78

Std Error
of estimation
23.49
18.50
25.10
29.09

F

Sig

118.52
253.11
73.01
83.28

0.001
0.001
0.001
0.001
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Table 8: Seventy-year-old Best Single and Multiple- Regression
Models were generated using Enter Independent Variable Selection from Feb-June
Model
February
March
April
May
June

R Square

Adj- R2

.89
.90
.88
.55
.88

.79
.81
.76
.31
.77

Std Error
of estimation
66.85
44.76
44.34
90.33
60.56

F

Sig

86.65
93.77
75.41
10.06
77.43

<0.001
<0.001
<0.001
<0.001
<0.001

Table 9: Seventy-year-old Best Single and Multiple Regression Models
were generated using Independent Variable Selection from Sept-Dec
Model

Adj-R2

R square

September
October
November
December

.80
.90
.84
.91

Std error
of estimation
68.01
54.70
61.55
37.81

.63
.80
.68
.83

F

Sig

40.55
96.80
52.29
113.45

˂0.001
˂0.001
˂0.001
˂0.001

Forest Biomass at different age
The forest biomass – total aboveground biomass (TAGB), below ground biomass (BGB) and total forest carbon store (SOCs) –
values showed significance among the different forest ages and stand densities (p<0.001). It increased from the 10-year-old
forest and attained the maximum in the 70-year-old forest (Fig 3). The percentage of the forest biomass increased the total carbon
stock, as soil nutrients would be utilised by microorganisms to emit soil CO 2.
Figure 3: Forest Biomass Carbon Input
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Litter fall (C/N) ratio
The percentage of C/N ratio present in the soil of the various forests indicated the decomposition rates of litter and its
contribution to the increase in organic mineral, thereby contributing to the CO2 emissions. The C/N ratio occurred at C= 45.92 to
50.85%, N=1.29 to 1.48%, C=47.99 to 50.89, N=1.32 to 1.49%, C=49.11 to 50.78%, N=1.33 to 1.48% and C=50.11 to 51.86,
N=1.41 to 1.58% for 10-, 30-, 50- and 70-year-old forests respectively.
Soil Properties at different age
The estimated total organic carbon (TOC), soil organic carbon (SOC) and soil organic carbon stock (SOCstock) was significant
(p<0.001) with soil CO2 efflux, as they were recorded to occur in considerable quantities with a higher percentage between 0 and
30 cm soil depth and decreased between 10 and 100 cm soil depth. The multi-linear regression and Pearson’s correlation was
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further confirmed by indicating a significantly positive correlation between soil CO 2 efflux and TOC, SOC and SOCstock.
Subsequently the spatial distribution of the soil CO2 efflux rate between February and December was significantly and positively
correlated with the soil properties (TOC and SOC), as the linear regressions for their relationships were relatively high in the
upper layers and decreased with depth as the soil CO2 efflux was also found to increase (Fig. 4). This suggested that the
concentration of the soil properties influenced soil CO2 efflux. There was also a significant relationship between the pH and soil
CO2 efflux in all sites. However, there was a weak correlation between the bulk density and soil CO 2 efflux in the different forest
compartments.
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Discussion
The monthly patterns of soil CO2 efflux
Soil CO2 efflux in the 10-year-old forest was significantly higher than that in the older forests, the rate decreased as the
forest age increased. The magnitude of the fluctuations in soil CO2 efflux in response to changes in microclimate condition,
forest biomass and soil properties also increased with forest age. A few previous studies have reported the effect of
recovering forest at different forest ages on soil CO2 efflux. A trend of decreasing soil CO2 efflux with the increase in
recovering forest was previously examined and reported for various forest ecosystems (Saiz et al. 2006; Tedeschi et al.
2006). Furthermore, soil CO2 efflux in response to environmental factors influence has been widely reported in the poplar
plantations of northwest China (Zhang et al. 2011), multiple ecosystems in central Japan (Tomoharu et al., 2012) and
successional forests in Southern China (Huang et al., 2011). The chronosequence approach has been used in forest soil
studies with different ages (Yanaiet at al. 2003; Sartori et al. 2007). In these forest ecosystems of the study area, there was a
significant difference in soil CO2 efflux between the forest ecosystems of different ages. A high soil CO2 efflux rate was
recorded in the 10-year old-forest at a range between 100.22 and 553.40 mg m-2 h-1 similar to that of the subtropical forest
of China (Ren et al., 2007) and the canopy cover in the tropical spare forest of China (Jin et al. 2009). The high soil CO2
efflux rate in the 10-year-old forest is a result of the high soil temperature due to the lower canopy cover than the older
forests. Other factors may be due to the high physiological activity that is associated with root growth respiration, as studies
have shown that increasing respiration is associated with the synthesis of new tissue (Chen et al., 2009). The soil CO2 efflux
rate in the 30-year-old recovering forest was recorded to be 99.23 to 500.22 mg m-2 h-1, which is similar to the Pasoh forest
reserve of Peninsular Malaysia (Adachi et al. 2006). The average soil CO2 efflux recorded in the 50-year-old recovering
forest from February to June ranged from 100.13 to 424.99 mg m-2 h-1, similar to Jin et al. (2009) and Hu et al. (2004) for the
tropical forest Central Hokkaido, Japan. The 70-year-old forest emitted a soil CO2 efflux rate at an average of 92.09-528.67
mg m-2 h-1, similar to the deciduous forest of Japan due to seasonal change (Lee et al. 2003). The decrease in the soil CO2
efflux rate in the older forests is in relation to the increasing forest age, and the respiration by microorganisms and roots both
decreasing gradually and then tending to stabilize (Gong et al., 2012). Furthermore, the bacterial ratio decreases with forest
age, as fungal dominated soil communities may enhance C storage and slow the turnover of soil organic matter because the
fungi changes the physical properties of the soil (Six et al. 2006). Also fungi grow faster than filamentous bacteria and have
a stronger ability to take up nutrients, and, therefore, use soil organic carbon and nitrogen more efficiently to form their own
biomass storage and reduce soil CO2 efflux (Thiet et al. 2006). Therefore, the lower soil CO2 efflux in the older forests
would improve the efficiency of carbon sequestration. The change in the soil CO 2 efflux rates as these forests age may
further affect the long-term carbon balance of the forest.
Factors affecting soil CO2 efflux
Soil CO2 efflux is controlled by biotic and abiotic factors, such as soil temperature, soil moisture, water potential, soil
organic carbon content, vegetation type and management of the forest (Neergaard et al. 2002; Adachi et al. 2006; Subke et
al. 2006). In general, soil temperature, soil moisture and water potential are the key factors that affect the spatial and
temporal variation in soil CO2 efflux (Rey et al. 2002; Iqbal et al. 2008). In our study, a similar correlation was found, but
soil temperature was more strongly correlated with soil CO2 efflux than soil moisture, water potential and soil properties.
Also, a significant positive correlation was found between soil temperature, soil moisture, water potential and soil properties,
which agrees with the results of previous studies (Tang et al. 2006).
The partial correlation analysis employed confirmed that soil temperature, soil moisture and water potential were
significantly positively correlated with soil CO2 efflux, but with soil temperature playing the dominant role in soil CO 2
efflux, as it was also reported in the previous studies of the tropical forests (Mande et al. 2014). When other factors, such as
SOC, TOC and SOCstock, were added to the analysis, it was found that soil CO 2 efflux was strongly influenced. These
results showed that SOC, TOC, SOCstock, soil moisture and water potential were strongly positively correlated with soil
temperature. Rising soil temperature can increase the microbial physiological activity, leading to higher decomposition rates
and higher soil CO2 efflux rates (Han et al. 2007). The lower degree of canopy cover in the 10-year-old forest than in the
older forests leads to increased soil temperatures, which would have increased microbial activity.
The findings revealed that the major factors responsible for the soil CO2 efflux rate in the various forest ages were the
combined factors of soil temperature, soil moisture, water potential, SOC, TOC and SOCstock. Soil CO 2 efflux was
significantly positively correlated with SOC, TOC and SOCstock (R=0.92, P<0.001), thus showing that the soil properties
significantly affect soil CO2 efflux in forests of different ages. The SOC, TOC and SOCstock were higher in the older forests
than in the 10-year-old forest. The soil properties are the major energy source for soil microorganisms (Adachi et al. 2006)
and higher soil properties have strong physiological functions as they increase the uptake capacity of nutrients by
microorganism activities, which emit soil CO2 at high soil temperatures (Pregitzer 2002; Chen et al. 2009). The C/N ratio
was significantly positively correlated (R=0.82) in the older forests compared to the 10-year-old forest, and a high C/N ratio
is conducive for litter decomposition, fungi and actinomycetes breeding (Laughlin & Stevens 2002). Fungi have a stronger
ability to take up nutrients and therefore use soil organic carbon and nitrogen more efficiently to form their own biomass and
reduce CO2 efflux (Thiet et al. 2006).
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Conclusion
This study has proven that soil CO2 efflux varies significantly as a function of forest age. Soil CO 2 efflux in the younger
forest is remarkably higher than for the older forests as a result of higher soil temperature and less canopy cover, which lead
to less carbon storage and more soil CO2 efflux. Soil CO2 efflux in the 30-, 50- and 70-year-old forests is low due to the low
physiological activity of low soil temperature, low microorganism activity and high soil properties, which is likely to
improve the efficiency of carbon sequestration. Forest age may therefore affect the carbon balance of the forest. The
contribution of microclimate condition, forest biomass and soil properties on soil CO 2 efflux varies with the season and
forest age. The results indicate that soil temperature, soil moisture, water potential, SOC, TOC, SOCstock, bulk density, soil
pH and forest biomass carbon input are the dominant factors that control the spatial and temporal variation in soil CO 2
efflux. Therefore, to accurately estimate soil CO2 efflux all the affirmative factors have to be taken into cognisance.
Furthermore, root production, microbial community structure and microbial production could influence the soil CO 2 efflux
and should be further explored.
Acknowledgements
This research was jointly supported by the National Institute of Environmental Studies, Japan, and the Research
Management Centre Universiti Putra Malaysia Grant Scheme (Project No. 0302122070) and Putra Grant
(GPIPS/2013/9399600). We wish to thank the management staff of Negeri Sembilan Forest Department for approving the
study area and the forest rangers for the security back up for the entire one year in the jungle. Our appreciation also goes to
the staff of the Centre for Marine and Oceanographic Studies, Universiti Putra Malaysia, Port Dickson Centre, for their
support, and John Dilling for proof reading support.

References
Adachi M, Bekku YS, Rashidah W, Okuda T, & Koizumi H. (2006). Differences in soil respiration between different
tropical ecosystems. Applied Soil Ecology, 34(2-3), 258–265. doi:10.1016/j.apsoil.2006.01.006
Bae K, Lee DK, Fahey TJ, Woo SY, Quaye AK, & Lee YK. (2012). Seasonal variation of soil respiration rates in a
secondary forest and agroforestry systems. Agroforestry Systems, 87(1), 131–139. doi:10.1007/s10457-012-9530-8
Bolstad PV, Gower ST. (1990). Estimation of leaf area index in fourteen southern Wisconsin forest stands using a potable
radiometer. Tree Physiol 7:115 – 124.
Boone RD, Nadelhoffer KJ, Canary JD, Kaye JP. (1998). Roots exert a strong influence on the temperature sensitivity of
soil respiration. Nature 396:570–572.
Bremner JM. (1960). Determination of nitrogen in soil by the Kjeldahl method. J Agric Sci 55:, 11 – 33.
Chen D, Zhang, Y, Lin YB, Chen H, Fu S L. (2009). Stand level estimation of root respiration for two subtropical
plantations based on in situ measurement of specific root respiration. For Ecol Manage 257:, 2088 – 2097.
Dilustro J, Collins B, Duincan L, Crawford C. (2005). Moisture and soil texture effects on soil CO2 efflux components
in south eastern mixed pine forests. For Ecol Manage 204:85 – 95.
Dixon R, Brown S, Houghton R, Solomon A, Trexler M, Wisniewski J. (1994). Carbon pools and flux of global forest
ecosystems. Science (Washington) 263(5144):185–189.
Eleanor M. (2008). Soil organic carbon. In: Cleveland CJ (ed) Encyclopedia of earth. Environmental Information Coalition,
National Council for Science and the Environment, Washington, DC. Retrieved June 13, 2009.
<http://www.eoearth.org/article/Soil_organ.
Fang C, Moncrieff JB, Gholz HL, & Clark KL. (1998). Soil CO 2 efflux and its spatial variation in a Florida slash pine
plantation, 135–146.
FAO. (1990). (Food and Agriculture Organization of the United Nation) FAO/UNESCO Soil map of the world: revised
legend 1:5,000,000 Vol. 1-10 Paris: UNESCO, 1-10.
Frey B, Hagedorn F, Giudici F. (2006). Effect of girdling on soil respiration and root composition in a sweet chestnut
forest. For Ecol Manage 225:271 – 277.
Gielen B, Ceulemans R. (2001). The likely impact of rising atmospheric CO 2 on natural and managed Populus. Environ
Pollut 115:335–358.
Gong J, Ge Z, An R, Duan Q, You X, & Huang Y. (2012). Soil respiration in poplar plantations in northern China at
different forest ages. Plant and Soil, 360(1-2), 109–122. doi:10.1007/s11104-011-1121-3
Han GX, Zhou GS, Xu ZZ, Yang Y, Liu JL, & Shi KQ. (2007). Biotic and abiotic factors controlling the spatial and
temporal variation of soil respiration in an agricultural ecosystem. Soil Biology and Biochemistry, 39, 418-425.
Hanson PJ, Edwards NT, Garten CT, & Andrews, J.A. (2000). Separating root and soil microbial contributions to soil
respiration: A review of methods and observations. Biogeochemistry 48: 115-146.
Hong-Mei J, Osbert J, Sun ZKL, & Liu J. (2009). Dynamics of soil respiration in sparse Ulmus pumila woodland under
semi-arid climate, 731–739. doi:10.1007/s11284-008-0544-7
Houghton R, & Hackler, J. (1999). Emissions of carbon from forestry and land use change in tropical Asia. Glob Chang
Biol 5(4):481–492.
Hu R, Hatano R, Kusa K, & Sawamoto T. (2004). Soil respiration and net ecosystem production in an onion field in
Central Hokkaido, Japan. Soil Science and Plant Nutrition, 50(1), 27–33. doi:10.1080/00380768.2004.10408449

143

International Journal of Agriculture, Forestry and Plantation, Vol. 2 (February.)
ISSN 2462-1757

2016

Huang Y, Zhou G, Tang X, Jiang H, Zhang D, & Zhang Q. (2011). Estimated soil respiration rates decreased with
long-term soil microclimate changes in successional forests in southern China. Environmental Management, 48(6),
1189–97. doi:10.1007/s00267-011-9758-5
Iqbal J, Hu RG, Du LJ, Lu L, Lin S, Chen T, Ruan L L. (2008). Differences in soil CO2 flux between different land
use types in mid-subtropical China. Soil Biol Biochem 40:, 2324 – 2333.
Janssens IA, Lankreijer H, Matteucci G, et al. (2001). Productivity overshadows temperature in determining soil and
ecosystem respiration across European forests. Global Change Biology 7:269 – 278.
Jin HM, Sun OJ, Luo ZK, & Liu J. (2009). Dynamics of soil respiration in sparse Ulmus pumila woodland under semiarid climate. Ecological Research, 24(4), 731–739. doi:10.1007/s11284-008-0544-7
Kang S, Doh S, Lee D, Lee D, Jin VL, Kimball J. (2003). Topographic and climatic controls on soil respiration in six
temperate mixed-hardwood forest slopes, Korea. Glob Chang Biol 9:1427 – 1437.
Kato J, Tadaki Y, Ogawa H (1978). Biomass and growth increment studies in Pasoh Forest, Malaysia. Nat. J. 30, 211224.
Kim C. (2007). Soil carbon storage, litterfall and CO2 efflux in fertilized and unfertilized larch (Larix leptolepis)
plantations. Ecological Research, 23(4), 757–763. doi:10.1007/s11284-007-0436-2
Kira T. (1978). Community architecture and organic matter dynamics in tropical lowland rain forests of southeast Asia with
special reference to Pasoh Forest, West Malaysia. In: Tropical Trees as Living Systems (eds P. B. Tomlinson & M.
H. Zimmermann), Cambridge Universit, 561–590.
Laughlin J, Stevens KJ. (2002). Evidence for fungal dominance of denitrification and codenitrification in a grassland soil.
Soil Sci Soc Am J 66:, 1540 – 1548.
Law BE, Ryan MG, Anthomi PM. (1999). Seasonal and annual respiration of a ponderosa pine forests at different
developmental stages. Globe Change Biol 7:755 – 777.
Lee M, Nakane K, Nakatsubo T, & Koizumi H. (2003). Seasonal changes in the contribution of root respiration to total
soil respiration in a cool-temperate deciduous forest. Plant and Soil, 255(1), 311–318.
doi:10.1023/A:1026192607512
Li HJ, Yan JX, Yue XF, Wang MB. (2008). Significance of soil temperature and moisture for soil respiration in a
Chinese mountain area. Agr Forest Meteorol 148:490–503.
Malaysia Meteorological Department. (2013). (MMD). www.met.gov.my.
Mande HK, Abdullah AM, Aris AZ, & Nuruddin AA. (2014). A Comparison of Soil CO 2 Efflux Rate in Young Rubber
Plantation , Oil Palm Plantation , Recovering and Primary Forest Ecosystems of Malaysia, 23(5), 1649–1657.
Mande KH, Ahmad AM, Ahmad Z A, Ahmad NA. (2013). soil carbon dioxide efflux and atmospheric impact in a 10year-old dipterocarpus recovering lowland tropical forest, peninsular Malaysia. From source to solution.
Proceedings of the IENFORCE 2013. Springer Publishing: Heidelberg, New York, 165-169, 165–169.
Manokaran N, LaFrankie JV, Kochummen KM, Quah ES, Klahn JE, Ashton PS, & Hubbell SP. (1990).
Methodology for the fifty-hectare research plot at Pasoh Forest reserve, Res. Pam. For. Res. Inst. Malaysia 104, 1
– 69.
Müller E, Rottmann N, Bergstermann A, Wildhagen H, & Joergensen RG. (2011). Soil CO 2 evolution rates in the field
– a comparison of three methods. Archives of Agronomy and Soil Science, 57(6), 597–608.
doi:10.1080/03650340.2010.485984
Murphy M, Balser T, Buchmann N, Hahn V, Potvin C. (2008). Linking tree biodiversity to belowground process in a
young tropical plantation: impacts on soil CO2 flux. For Ecol Manag 255(7):2577–2588, 255, 2577–2588.
Neergaard A, Porter JR, Gorissen A. (2002). Distribution of assimilated carbon in plants and rhizosphere soil of basket
willow (Salix viminalis L). Plant Soil 245:, 307 – 314.
Niiyama K, Abdul Rahman K, Kimura K, Tange T, Iida S, & Quah ES, Chan YC, Azizi R, & Appanah S. (1999).
Design and Methods for the Study on Tree Demography in a Hill Dipterocarp Forest at Semangkok Forest
Reserve, Peninsular Malaysia. Forest Research Institute Malaysia, Kepong, KL.
Ogawa JM, Sandeno JL, & Mathre JH. (1963). Comparisons in development and chemical control of decay organism on
mechanical and hand harvested stone fruits. Plant Das. Rep 47. 129- 133.
Pregitzer KS. (2002). Fine roots of trees: a new perspective. New Phytol 154:, 267 – 270.
Raich JW, Potter CS, & Bhagawati D (2002). Interannual variability in global soil respiration, 1980–94. Global Change
Biology, 8, 800–812.
Ren X, Wang Q, Tong C, Wu J, Wang K, Zhu Y, Tang G. (2007). Estimation of soil respiration in a paddy
ecosystem in the subtropical region of China. Chinese Science Bulletin, 52(19), 2722–2730. doi:10.1007/s11434007-0346-2
Rey A, Pegoraro E, Tedeschi V, Parri I , Jarvis P, Valentini R. (2002). Annual variation in soil respiration and its
components in a coppice oak forest in central Italy. Glob Chang Biol 8:, 851 – 866.
Saiz G, Green C, Butterbach-Bahl K, Kiese R, Avitabile V, & Farrell EP. (2006). Seasonal and spatial variability of
soil respiration in four Sitka spruce stands. Plant and Soil, 287(1-2), 161–176. doi:10.1007/s11104-006-9052-0
Sartori F, Lal R, Ebinger MH, Eaton JA. (2007). Changes in soil carbon and nutrient pools along a chronosequence of
poplar plantations in the Columbia Plateau, Oregon, USA. Agric Ecosyst Environ 122:325 – 339.
Scott-Denton L E, Sparks K L, Monson RK. (2003). Spatial and temporal controls of soil respiration rate in a high
elevation, subalpine forest. Soil Biol Biochem 35:525 – 534.
Six J, Frey SD, Thie RK, Batten KM. (2006). Bacterial and fungal contributions to carbon sequestration in
agroecosystems. Soil Sci Soc Am J 70:, 555 – 569.
Sollins P, Glassman C, Paul EA, Swanston C, Lajtha K, Heil, J.W, Elliott ET, Robertson PG. (1999). Soil carbon

144

International Journal of Agriculture, Forestry and Plantation, Vol. 2 (February.)
ISSN 2462-1757

2016

and nitrogen: pools and fractions. Standard soil methods for long-term ecological research. Oxford University
Press UK. 89–105.
Subke JA, Inglima I, Cotrufo MF. (2006). Trends and methodological impacts in soil CO 2 efflux partitioning: a
metaanalytical review. Glob Chang Biol 12:, 921 – 943.
Suhaila J, & Jemain AA. (2008). Fitting the Statistical Distribution for Daily Rainfall in Peninsular Malaysia Based on
AIC Criterion, 4(12), 1846–1857.
Tang X, Liu S, Zhou G, Zhang D, Zhou C. (2006). Soil atmospheric exchange of CO 2, CH4, and N2O in three
subtropical forest ecosystems in southern China. Glob Chang Biol 12:, 546–560.
Tedeschi V, Rey AMR. (2006). Different developmental stages after coppicing. Glob Chang Biol 12:, 110 – 121.
Thiet RK, Frey SD. (2006). Do growth yield efficiencies differ between soil microbial communities differing in
fungal:bacterial ratios? Soil Biol Biochem 38:, 837 – 844.
Tomoharu I B, Shin N, Shota I, Masahiro O, Shohei S, & Koizumi H. (2012). Forest Science and Technology Seasonal
variability of soil respiration in multiple ecosystems under the same physical – geographical environmental
conditions in central Japan, (October), 37–41.
Valentini R, Matteucci G, Dolman AJ, Schulze ED, Rebmann C, Moors EJ, Granier A, Gross P, Jensen NO,
Pilegaard K, Lindroth A, Grelle A, Bernhofer C, Grünwald T, Aubinet M, Ceulemans R, Kowalski AS,
Vesala T, Ran. (2000). Respiration as the main determinant of European forests carbon balance. nature 404: 861865
Wang CK, Yang JY, Zhang QZ. (2006). Soil respiration in the six temperate forest in China. Globe change Biol. 12,
2103-2114.
Yanai RD, Currie WS. (2003). Soil carbon dynamics after forest harvest: an ecosystem paradigm reconsidered. Ecosystems
56:197 – 212.
Zhang H, Zhou X, Lu F, Pang J, Feng Z, Liu W, Wang X. (2011). Seasonal dynamics of soil CO 2 efflux in a
conventional tilled wheat field of the Loess Plateau, China. Ecological Research, 26(4), 735–743.
doi:10.1007/s11284-011-0832-5

145

