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Abstract Environmental abiotic and biotic factors are

important in controlling soil CO2 efflux in forest ecosys-

tems of different ages, as they play an important role in soil

respiration. In understanding the spatial and temporal

variation of soil CO2 efflux after several years of forest

logging, there is a need to quantify the changing soil

properties, environmental factors, and the total above and

below ground biomass. This study was conducted in a

50-year old recovering tropical lowland forest in Peninsu-

lar Malaysia, measuring soil CO2 efflux using the contin-

uous open flow chambers technique connected to a multi

gas-handling unit and infrared gas analyser. The aim of this

study was to determine the spatial and temporal variation

of soil CO2 efflux in relation to changes in soil properties,

environmental factors and forest carbon in a recovering

forest. The efflux rates of about 389.20, 634.78, 564.81,

537.92 and 428.72 mg m-2 h-1, respectively, varied

across the days and months, increasing from February and

attaining the maximum in March and then gradually

decreasing from April to June. The soil properties revealed

a considerable amount of soil organic carbon, total organic

carbon, and soil organic carbon stock, while the total above

ground biomass, below ground biomass, soil pH, nitrogen

to carbon ratio were found to provide nutrients for micro-

bial activities in soil and to emit soil CO2. The multiple

linear regression model indicated that the soil temperature

and moisture explained the spatial and temporal variation

in soil CO2 efflux; likewise, the changes in the soil prop-

erties and forest carbon significantly increased the soil CO2

efflux indicating a strong positive correlation (R2 = 0.93).

Keywords Biomass � Forest ecosystem � Microbial �
Spatial and temporal variation � Soil CO2 efflux

Introduction

Soil respiration usually refers to a suite of complex pro-

cesses contributing to carbon dioxide (CO2) efflux from the

surface of soils (Masyagina et al. 2006), which is directly

related to the metabolic activities attributed to both het-

erotrophic respiration from soil microbes and autotrophic

respiration from plant roots. Soil CO2 efflux is one of the

major fluxes in the global carbon cycle; it has been esti-

mated at 76.5 Pg C year-1 greater than terrestrial net pri-

mary productivity (Raich and Potter 1995), and varies with

different ecosystems, climatic conditions and environ-

mental factors (Raich and Schlesinger 1992). Small chan-

ges in environmental factors may strongly affect soil CO2

efflux and soil carbon sequestration on a global scale.

Forest soil is one of the major carbon reserves in the bio-

sphere. Therefore, understanding the contributing factors to
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soil CO2 efflux is a crucial challenge in research on global

carbon cycles.

Many biotic and abiotic factors affect the rate of soil

CO2 efflux, including soil temperature, microbial biomass,

soil moisture, nitrogen, subtract supply, soil pH and carbon

supply (Scott-Denton et al. 2003; Dilustro et al. 2005; Li

et al. 2008). As a result of the changes in these factors,

quantifying the contribution of the various environmental

factors to total soil CO2 efflux is the key to estimate the

spatial and temporal variation in soil CO2 efflux. The

important mechanistic links of soil CO2 efflux with envi-

ronmental factors and soil properties are poorly understood

under forests of different ages after logging activity (Gong

et al. 2012). Notwithstanding, various studies on soil CO2

efflux have been conducted in tropical lowland Peninsular

Malaysia (Itoh et al. 2012; Saigusa et al. 2008; Adachi

et al. 2006) with a clear focus on the spatial variation on

CO2 efflux, carbon budget and the effect of deforestation

on the primary forest of Pasoh reserved forest, Peninsular

Malaysia, few studies exist concerning the effect of envi-

ronmental factors, changes in the soil properties and forest

biomass. The next important step is to determine the effects

of change in the soil properties and environmental factors

on soil CO2 efflux of recovering forests 50 years-old after

logging. That to ascertain if the studied factors have any

effect on soil CO2 efflux after several years from logging.

The important aspect in understanding the factors respon-

sible for the spatial and temporal soil CO2 efflux variation

in a recovering forest is to quantify soil CO2 efflux rate in

relation to the environmental factors, changes in soil

properties and the biological activities in the tropical

climate.

Studies have shown that increases in soil organic

nutrients from carbon resulted in an increase in the bio-

logical activities of microbes and that root growth con-

tributed greatly to soil CO2 efflux on a global scale (Bond-

Lamberty et al. 2004). Soil organic matter is derived from

forest biomass and distributed on the forest floor in layers

(Kleber 2010), and, subsequently, followed by an acceler-

ating rate of decomposition aided by carbon/nitrogen via

litter fall. Hence, this is an important aspect of changes in

the soil properties that need to be investigated in terms of

its contribution to microbial activity and the variation in

soil CO2 efflux (Cornwell et al. 2008). Furthermore,

environmental factors, such as soil temperature, have also

been found to increase soil respiration by 50–100 for every

10 �C temperature rise, while soil moisture, either dry or

flooded, regulates soil respiration (Ito et al. 2010). In

addition, Rustad et al. (2001) found that warming of the

soil temperature by 0.3–6.0 �C increases soil CO2 efflux by

an average of 20 %.

Previous studies have identified and highlighted the

importance of forest stand age, vegetation development and

soil disturbance history in terms of their impact on soil CO2

efflux (Campbell and Law 2005). Hence, it is an important

aspect that needs to be considered in determining the fac-

tors responsible for the spatial and temporal variation in

soil CO2 efflux in the tropical forest ecosystem, as less

attention has been given in a recovering forest after several

years of logging. The soil CO2 efflux rate in a recovering

forest could differ from the primary forest as the environ-

mental factors vary in relation to forest ages in both trop-

ical and temperate forest climatic conditions.

The objectives of this study were (1) to understand the

spatial and temporal variation of soil CO2 efflux in relation

to the changes in soil properties, environmental factors,

aboveground and below ground biomass in a 50 years old

forest and (2) to quantify soil CO2 efflux in a 50 years

forest after logging.

Materials and methods

Site description

This study was carried out in a 50 years old recovering

lowland forest of Sungai Menyala (27�4709900N,
43�7609000E), located in Port Dickson, Negeri Sembilan,

Malaysia, approximately 93.1 km from Kuala Lumpur.

The study area is located in Peninsula Malaysia and has a

wet and humid tropical climate throughout the year that is

characterized by high annual rainfall, humidity and tem-

perature. The average temperature ranged between 23.7

and 32 �C, (Suhaila and Jemain 2008), while the average

solar radiation was 17.00 MJ m-2 and the daily evapora-

tion rate was 3.1 mm day-1 (MMD 2013). 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 (Pa-

ramananthan 1998, 2012). In the FAO/UNESCO Soil Map

of the World—Revised Legend (FAO 1990) the Serdang

series is classified as Haplic Nitisols. An experimental plot

of 50 9 50 m with two replicates was designed for the

field experiment. The period of study represents all the

seasons of the tropics (post-monsoon, pre-monsoon- and

monsoon period), and the located study area experiences

the sea breeze from the Straits of Malacca.

Soil CO2 efflux and environmental factors

measurement

Soil CO2 efflux data were obtained using two continuous

open flow chamber systems of 64 cm in height and 50 cm

width, with a volume of 3,250 cm3 and enclosed soil sur-

face area of 2,500 cm2 to reduce the build-up of pressure

on the soil interphase, and monitored with a barometer. The
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infrared gas analyser was calibrated in the laboratory using

CO2 as zero standards (1,000 g). Soil collars were inserted

at 3 cm from ground level into the soil, and installed 1 day

before the measurement to allow the soil to recover from

the disturbances and to account for within-plot variability,

30 soil collars were randomly established in the plot.

The measurement chambers were connected to a multi

gas-handler (WA 161 model), which provides a channel to

regulate the flow of CO2 from various chambers to a flow

meter connected to a CO2/H2O gas analyser (Li-Cor 6262)

for data output. The soil CO2 efflux was recorded every 5 s

over a period of 5 min for each chamber. The coefficient of

determination (R2) of simple linear regression was typi-

cally better than 0.99.

To investigate the role of environmental factors in soil

CO2 efflux, soil temperature was measured using the

Watchdog data logger model 125 spectrum technology, soil

moisture using the TDR Trime FM and water potential

using Delmorst model KS-D1. All the measurements were

conducted concurrently on a daily basis from 8:00 to

17:00 h. The forest canopy stand densities and light

intensity distribution were determined based on the Leaf

Area Index (LAI) using a Sunfleck Ceptometer (AccuPAR

model sf-80, Decagon, Pullman, WA); over 188 trees were

measured in the study plots. Leaves were collected to

ascertain the carbon to nitrogen ratio from the litter trap net

placed at 1 m above the forest floor, with ten in each plot,

for the collection of leaves at 14-day intervals for the

period of the study.

Total aboveground biomass, total below ground bio-

mass, soil properties and total forest carbon stock.

The Estimation of forest biomass was carried out using

allometric relationships obtained in the forest according to

the International Biological Programme (Kira 1978). The

total above ground biomass (TAGB) was determined using

the diameter at breast height (DBH) of about 188 trees in

the 50 9 50 m plot (Manokaran et al. 1990), all the trees

[5 cm in DBH were identified, mapped and tagged, and

their DBH were measured. If a tree had a large buttresses,

its DBH was measured just above the buttresses (Niiyama

et al. 1999). The DBH was measured using the DBH tape,

1.3 m above the forest floor for each tree and the TAGB

was estimated using the model of Kato et al. (1978). The

model estimates the tree stem, branch and leaf biomass.

These components form the TAGB based on simple

regression lines fitted for DBH and tree height:

Tree height ðHÞ 1

H
¼ 1

ða � DÞ þ
1

MaxHt
; ð1Þ

where H is the tree height (m), D is DBH (cm), MaxHt is

the maximum tree height (m), and ‘a’ is the coefficient

with 2.0 for trees with DBH[ 4.5 cm.

Weight (kg) of main stem (Ws):

Ws ¼ 0:313 D2H
� �0:9733 ð2Þ

Weight (kg) of branches (Wb):

Wb ¼ 0:313 D2H
� �1:041 ð3Þ

Weight (kg) of leaves (Wl):

1

Wl

¼ 1

0:124:W0:794
s

� �þ 1

125
ð4Þ

The TAGB was calculated as:

TAGB ¼ Ws þWb þWl ð5Þ

The below ground carbon biomass was calculated using

the model of Ogawa et al. (1963);

Root WRð Þ ¼ 0:0264 D2H
� �0:775 ð6Þ

The total forest carbon stock was estimated based on the

carbon content in the biomass data. The default value for

the carbon content on biomass is 0.47 (Feldpausch et al.

2004), which varies among different countries; it was

calculated as:

Cb ¼ B � % C organic; ð7Þ

where Cb is the carbon content from the biomass, B is the

total biomass, % C organic is the percentage value for

carbon content, amounting to 0.47 default value or labo-

ratory obtained value.

Soil sampling and analysis

Soil samples from 0 to 100 cm depth were collected from

three sampling points using a soil auger, samples were

placed in sterile plastic bags, sealed and returned to the

laboratory and later oven-dried at 105 �C for 48 h to

determine the soil water content (mass basis) (Gong et al.

2012). The standard method was used to analyse for soil

organic carbon (SOC), soil moisture contents, bulk density

(BD) and soil pH was 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 carbon stock (SOCstock) was estimated

using the model of Eleanor (2008) within a given depth of

top soil range from 0 to 100 cm. The soil moisture content

was estimated using the standard method based on the

following equation:

Moist wt %ð Þ ¼ A� Bð Þ
B� tare tin

� �
� 100; ð8Þ

where A is the mass of moist soil (g), B is the mass of oven

dry soil (g).

The BD was estimated in accordance with the standard

method (Nhantumbo et al. 2001):
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Bulk density mg m�3
� �

¼ g=v; ð9Þ

where g is the oven dry mass of the sieve soil (g), v is

the sample volume (cm-3).

Soil organic carbon was determined using the following

equation:

M ¼ 10=Vblank
: ð10Þ

% oxidizable organic carbon w=w
� �

¼ Vblank � Vsample

� ��
Wt � 0:3�mass ð11Þ

% total organic carbon w=w
� �

¼ 1:334

�% oxidazable organic carbon ð12Þ

% organic matter w=w
� �

¼ 1:724

�% total organic carbon ð13Þ

where M is the molarities of ferrous ammonium sulphate

solution (&0.5 cm-3), V blank is the volume of ferrous

ammonium sulphate solution required to titrate the blank

(cm-3). Wt = weight of air dry soil (g) 0.3 = 3 9

10-3 9 100 where 3 is the equivalent weight of C.

The TOC was determined by the Walkley–Black

method using a correction factor of 1.33 (Sollins et al.

1999) as it is appropriate for moisture analyses because of

its simplicity.

Toc % cð Þ ¼ M � V1 � V2ð Þ½ �=S� 0:39�mcf ð14Þ

where M is the molarities of ferrous sulphate solution

(from blank titration) , V1 is the cm-3 ferrous sulphate

solution required for blank, V2 is the cm-3 ferrous sulphate

solution required for S = weight of air dry sample in

grams, mcf is the 3 (equivalent weight of carbon) corrected

factor.

The moisture corrected factor (mcf) is:

Moist corection factor ¼ 100þ%moistð Þ=100 ð15Þ

Soil carbon stock using the model of Eleanor (2008),

where the given depth of soil was from 0 to 100 cm. The

SOC based on the compacted soil was estimated by

determining the BD. The equation is expressed as:

SOCstock ¼
SOC content of the soil� BD � area � depth

10

ð16Þ

To measure the carbon to nitrogen (C/N) input due to

litter fall, ten rectangular litter traps with surface area of 1 x

1 m were installed 1 m above the forest floor. Litter was

collected at two weeks interval. The litter from each trap

was transported to a laboratory and oven-dried at 65 �C for

48 h. All dried samples were separated into needle, bark,

cones branches and miscellaneous components, and each

component was weighed. The C/N ratio concentration was

determined using a TruMac CNS Macro Analyser (Leco-

Corp), while the mass loss rates in the needle litter were

estimate using the litterbag technique (Kim 2007).

Statistical analysis

Soil CO2 efflux, soil properties, TAGB, BGB, SOCstock and

environmental properties data were analysed using a

parametric one-way ANOVA, followed by a post hoc

Dunn’s test and Turkey multiple comparison test (Mande

et al. 2013; Müller et al. 2011). The analysis of variance

(ANOVA) was used to test the difference of standard

deviation and mean soil CO2 efflux, soil temperature, soil

moisture and water potential in different months. The

descriptive statistics was established to calculate and

explain the normality of data distribution and also to

quantify the correlations between soil CO2, TAGB, chan-

ges in soil properties as well as environmental factors.

Exponential regression and the multiple linear regression

models were employed to ascertain the significant effect of

environmental properties on soil CO2 efflux in the study

area, likewise the Pearson correlation was calculated to

show the correlation of CO2 efflux variation with the

environmental factors and changes soil properties. All the

statistical tests were performed using SPSS version 21

software (SPSS Inc., Chicago, Illinois, USA). The tech-

niques used were for both predictive and explanatory

purposes within the experimental and nonexperimental

designs while the multiple linear regressions can be

expressed using the equation:

Yi ¼ b0 þ b1Xi1 þ b2Xi2 þ � � � þ bpXip þ ei ð17Þ

where thus, Yi is the ith observation of the dependent

variable; Xij is the ith observation of the jth independent

variable; and j = 1, 2,…, p. The bj values represent the

parameters to be estimated, and ei is the ith independent

identically distributed normal error.

Results

Monthly variation in soil CO2 efflux

The total soil CO2 efflux in the 50 years recovering forest

varied obviously at different months. Analysis of variance

indicated that environmental factors significantly affected

soil CO2 efflux. There was significant difference (p\ 0.01)

between the average mean of soil CO2 efflux in the months

of measurement, and the minimum and maximum efflux

rate was between 100.13 and 634.78 mg m-2 h-1 showing

a variation in the flux pattern (Table 1). As soil CO2 efflux

gradually increased after the monsoon period in the month

of February to the peak in March and rapidly decreased
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from April to June with 100.18 to 389.20, 104.56 to 634.81,

100.13 to 564. 81,100.56 to 537.92, and 103.91 to

428.72 mg m-2 h-1 for the month of February, March,

April, May and June, respectively (Table 1). Low efflux

occurred in the morning hours between 8:00 and 11:00 h

while high efflux rates were between 13:00 and 15:00 h.

Significant (p\ 0.01) higher values were recorded in

March, April and May, respectively, while lower efflux

was observed in February and June. The CO2 efflux vari-

ation pattern coincided with the increase and decrease in

environmental properties as the correlation analysis

showed that soil CO2 efflux was more correlated with soil

temperature at 0.9, p\ 0.01 compare to soil moisture and

water potential (0.83, p\ 0.01). This indicated that soil

temperature controls the spatial and temporal variation in

soil CO2 efflux. The environmental properties coincided

with soil CO2 efflux due to variation in time and period in

relation to microclimate condition as one-way ANOVA

show significant variation between the months. Further-

more, the multiple regression model employed illustrated

that environmental factors have significant influence on

soil CO2 efflux (p\ 0.01). Furthermore, the multiple

regression model indicated a strong correlation at

R2 = 0.65, 0.78, 0.93, 0.68 and 0.86 for February, March,

April, May and June, respectively. The relationship is

equally at different months and relevance increased obvi-

ously from February to March and decrease from April to

June.

Soil properties and forest biomass

To clarify the effects of soil properties and forest bio-

mass on soil CO2 efflux, we also determined BD and

analysed TOC, SOC, soil pH and carbon and nitrogen

input. The finding showed that BD increased with soil

depth between 0 and 100 cm (Fig. 1) given good

porosity for soil water movement and cation exchange

capacity to hold onto nutrients suitable for microbial

activity. Likewise the soil analysis revealed a consider-

able amount of TOC and SOC of 2.20 and 4.96 %,

respectively (Table 2), with a soil moisture content of

17.5 % and a corrective factor of 1.18 (Table 2) which

are responsible for soil nutrients. The aforementioned

parameters are being influenced by forest biomass in

presence of soil temperature, moisture and water poten-

tial and positively and strongly related to soil CO2 efflux

(R2 = 0.8 at p\ 0.01). The soil pH was found to be

slightly acidic at 5.16 (Table 2). Furthermore, the carbon

and nitrogen input from the litter fall contributed about

49.11–50.78 and 1.33–1.45 %, respectively (Table 2),

and is responsible for the decomposition of organic

matter by micro-organisms.

The 50 years old recovering lowland forest hosts an

estimated forest biomass of total above ground biomass,

below ground biomass and total forest carbon of 2.9 9 103,

1.0 9 103 and 3.0 9 103 mg, respectively (Table 2). The

estimated soil carbon stock in the top 100 cm was

64.48 mg ha-1 (Table 2). The high percentage of occur-

rence of carbon input increases the soil nutrient and energy

for microbial activity with a corresponding effect of

releasing the soil CO2 efflux. The correlation coefficients

for each variable do reflect the relationship between the

affirmative variables and soil CO2 efflux (R2 = 0.7,

p\ 0.01).
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Fig. 1 Behaviour of BD with soil depth

Table 1 Descriptive statistics of soil CO2 efflux (mg m-2 h-1)

N Mean SD SE 95% Confidence interval for mean Minimum Maximum

Lower bound Upper bound

February soil CO2 efflux 72 220.54 88.019 10.37 199.86 241.23 100.18 389.20

March soil CO2 efflux 72 330.36 150.49 17.74 294.99 365.72 104.56 634.78

April soil CO2 efflux 72 319.98 143.47 16.91 286.27 353.70 100.13 564.81

May soil CO2 efflux 72 272.73 125.53 14.79 243.23 302.23 100.56 537.92

June soil CO2 efflux 72 260.09 98.05 11.56 237.05 283.13 103.91 428.72

Total 360 280.74 129.34 6.82 267.34 294.15 100.13 634.78
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Environmental properties

The variations of soil CO2 efflux during the period of

measurement occurred with the trend of environmental

properties indicating a symmetrical parabola curve as both

parameters are dependable. The multiple regression model

was used to present the study in terms of the spatial and

temporal variation of soil CO2 efflux with respect to soil

temperature, moisture and water potential since it provided

a better fit of R2 (Table 3). The coefficient of the model of

the environmental properties—soil temperature, moisture

and water potential—had at a high value for February:

0.28, 0.25 and 0.44, respectively (Table 4), while in March,

the beta coefficient was recorded as 0.42, 0.85 and -0.07,

for soil temperature, moisture and water potential, respec-

tively (Table 5). This indicated that soil temperature and

moisture accounted for a significant effect in soil CO2

efflux compared to water potential (p\ 0.01). Soil CO2

efflux was in response to increase in soil moisture as it was

observed in the month of April to displaced a beta coeffi-

cient of soil temperature, moisture and water potential

impact on soil CO2 efflux at -0.28, 1.02 and -0.39,

respectively (Table 6), suggested a significant impact

(p\ 0.01) from the soil moisture, as the soil temperature

and water potential were at a constant level. In May, the

beta coefficient attributed effect of soil temperature on soil

CO2 efflux compared to the moisture and water potential

occurred at 0.51, -0.61 and -0.46, respectively (Table 7),

and this is probably due to changes in the tropical climate.

In addition, for the month of June, the soil temperature and

water potential had a major effect on soil CO2 efflux with a

beta coefficient of 0.23, -0.21 and 0.68 for soil tempera-

ture, moisture and water potential, respectively (Table 8).

The correlation analysis indicated a strong to moderate

relationship between soil CO2 efflux and soil temperature,

and moisture with soil temperature varying across the day,

gradually increasing in the morning and reaching the

maximum in the afternoon before decreasing with time at

24.80–25.65 �C. The soil moisture remained relatively

stable between 24.75 and 24.76 % and the water potential

varies across the day, being higher in the morning, and

decreasing over time with a rapid decrease towards evening

at 97.45, 97.44 to 97.1 %. The fluctuation in soil temper-

ature, soil moisture and water potential suggested their

effect on the variation of soil CO2 efflux as both correlation

and multiple regression indicated that soil temperature,

moisture and water potential have a significant effect on

soil CO2 efflux (p\ 0.01). However, soil temperature was

found to be the dominant controlling factor, and was fol-

lowed closely by other factors, therefore, the combined

effects of environmental factors proved to be the factors

that account for the variation in soil CO2 efflux. This

explains the monthly spatial and temporal variation in soil

CO2 efflux across the recovering forest (Fig. 2).

To clarify the contribution of the entire affirmative

factors to the observed changes in soil CO2 efflux rate, we

performed a Pearson correlation analysis. With soil tem-

perature as the control variable, the correlation between

soil moisture and soil CO2 efflux was significant

(p\ 0.001) and positive (0.47) while water potential and

soil CO2 efflux was significant (p\ 0.001) and positive

(0.43). During the entire period of measurement, soil

temperature exerts a stronger control then the other envi-

ronmental properties on soil CO2 efflux.

Discussion

Factors affecting the variation in soil CO2 efflux

The finding revealed soil CO2 efflux variation in forest

ecosystem of the peninsular Malaysia was in response to

environmental factors and changes soil properties which

Table 2 Analysis of soil samples, litter fall, TAGB, BGB and SOC stock

ECOSYSM SOC

(%)

TOC (%) pH Soil

moisture

content (%)

Moisture

correction

factor

Litter falls

carbon (%)

Nitrogen (%)

SOCstock

(mg ha-1)-1
TAGB

(mg)

BGB

(mg)

SOCs

(mg)

Fifty

years

4.96 2.2 5.16 17.5 1.18 49.11 1.33 64.48 2.9 9 103 1.0 9 103 3.0 9 103

Forest – 50.78 –1.45

SOC stock Soil organic carbon stock, TAGB total above ground biomass, BGB total below ground biomass, SOCs total forest carbon stock

Table 3 Results of multiple-regression models

Model R2 Adj R2 SE of estimation F Sig

February 0.65 0.42 68.45 16.47 \0.001

March 0.78 0.61 96.01 35.49 \0.001

April 0.93 0.86 54.73 139.98 \0.001

May 0.68 0.44 93.75 19.76 \0.001

June 0.86 0.73 51.36 63.59 \0.001
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was similar to the poplar plantations of northwest China

(Zhang et al. 2010), multiple ecosystems in central Japan

(Inoue 2012) and successional forests in southern China

(Huang et al. 2011). Likewise efflux variation in respect to

the forest age was similar to the study reported by Yanai

and Currie (2003) and Sartori et al. (2007). Furthermore,

Table 4 Parameters of multiple regression models for February

Model Unstandardized coefficients Standardized coefficients T Sig. Collinearity statistics

B SE b Tolerance VIF

1

(Constant) -57,927.46 9,583.95 -6.04 0.00

FEBst 61.50 20.93 0.28 2.94 0.01 0.92 1.08

FEBsm 484.61 269.47 0.25 1.80 0.08 0.43 2.35

FEBwp 434.15 142.58 0.44 3.05 0.00 0.41 2.47

a Dependent variable FEBCO2

Table 5 Parameters of multiple regression models for March

Model Unstandardized coefficients Standardized coefficients T Sig. Collinearity statistics

B SE b Tolerance VIF

1

(Constant) 1,186.51 20,160.61 0.06 0.95

MARst 451.84 131.67 0.42 3.43 0.00 0.39 2.60

MARsm 51.72 5.05 0.85 10.25 0.00 0.83 1.20

MARwp -147.20 233.75 -0.07 -0.63 0.53 0.44 2.30

a Dependent variable MARCO2

Table 6 Parameters of multiple regression models for April

Model Unstandardized coefficients Standardized coefficients T Sig. Collinearity statistics

B SE b Tolerance VIF

1

(Constant) 47,426.41 16,941.96 2.80 0.01

APLst -62.64 18.18 -0.28 -3.45 0.00 0.31 3.28

APLsm 3394.58 242.82 1.02 13.98 0.00 0.39 2.59

APLwp -1302.46 185.54 -0.39 -7.02 0.00 0.68 1.47

a Dependent variable APLCO2

Table 7 Parameters of multiple regression models for May

Model Unstandardized coefficients Standardized coefficients T Sig. Collinearity statistics

B SE b Tolerance VIF

1

(Constant) 52,677.08 64,749.02 0.81 0.42

MAYst 164.76 32.32 0.51 5.10 0.00 0.78 1.29

MAYsm -984.92 194.16 -0.61 -5.07 0.00 0.54 1.85

MAYwp -297.27 646.93 -0.06 -0.46 0.65 0.53 1.89

a Dependent variable MAYCO2
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the results obtained from our measurement indicated that

soil CO2 efflux spontaneously increased and varied during

the period of measurement, which was attributed to forest

carbon input, soil temperature, moisture, water variation

and changes in soil properties.

The average soil CO2 efflux recorded ranges from

100.13 to 634.78 mg m-2 h-1 similar to what Jin et al.

(2009), observed in the canopy of China, which ranges

from 305.5 to 730.8 mg m-2 h-1. This is a little higher

compared to the lowland tropical forest of Peninsular

Malaysia. The month of February, being the end of the

monsoon period, witnessed a rise in soil CO2 efflux to

389.20 mg m-2 h-1 similar to (Taylor and Hu 2011) of

307 mg m-2 h-1 for Central Hokkaido, Japan, which was

strongly influenced by the availability of soil moisture and

was significant correlated (p\ 0.01), as reported by

Howard and Howard (1993). There was a steady rise to

634.78 mg m-2 h-1 in the month of March parallel to the

temperature of the post-monsoon indicated soil CO2 efflux

was positively and significantly with soil temperature

(p\ 0.01; Table 3). A gradual decrease of

564.81 mg m-2 h-1 was also observed in the month of

April, which was greater than that of the measurement

recorded in the tropical forest of China (Jia et al. 2007). A

steady decline continued for the months of May and June,

as it experienced few showers with 537.92 and

428.72 mg m-2 h-1, respectively, greater and less than the

open field measurement of 443.1 mg m-2 h-1 in woodland

(Taylor and Hu 2011). The rise and gradual decrease in soil

CO2 efflux indicated that soil temperature-water interaction

explained the spatial and temporal variation of soil CO2

efflux (Janssens et al. 2001). The one-way ANOVA

employed in soil CO2 efflux data analysis showed a sig-

nificant difference at p\ 0.01 and a normality of distri-

bution aligned along a straight line without any outliers

giving good skewness (Fig. 3).

The increase in the spatial and temporal variation in soil

CO2 efflux was attributed to the change in soil temperature

between the months, which was observed to be one of the

important controlling factors. (Raich and Schlesinger 1992;

Davidson et al. 1998). In addition, the soil moisture and

water potential, which were relatively available during the

measurement period, were found to be high and decreased

with time within the day signifying a positive correlation

with the spatial and temporal soil CO2 variation (p\ 0.01).

Furthermore, the forest carbon biomass influences soil

nutrients, which explained the role of forest age and can-

opy cover of the 50 years old forest in decreasing the net

radiation on the forest floor to provide a favourable con-

dition for microorganisms and root growth to facilitate soil

CO2 efflux, as was reported by McCarthy and Brown

(2006), and Tanaka and Hashimoto (2006).

Input from litter fall (C:N), TAGB, BGB, SOCs,

SOCstock, TOC and SOC

The significant input from the litter fall of the 50 year old

forest was found to have a carbon and nitrogen ratio of

49.11–50.78 and 1.33–1.45 %, respectively. This is

attributed to the stand density of the 50 year old forest, as

was also reported by Asensio et al. (2012). This litter fall

increased TOC, SOC, soil moisture content and moisture

correction factor in a slightly acidic soil of 2.2, 4.96, 17.5,

1.18 and 5.16, respectively, as was also reported by (Ming

and Ye 2001). This overall input from the forest biomass is
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Fig. 2 Average monthly soil CO2 efflux

Table 8 Parameters of multiple regression models for June

Model Unstandardized coefficients Standardized coefficients T Sig. Collinearity statistics

B SE b Tolerance VIF

1

(Constant) -83,781.33 9,350.15 -8.96 0.00

JUNst 163.82 55.60 0.23 2.95 0.00 0.62 1.62

JUNsm -186.27 75.05 -0.21 -2.48 0.02 0.56 1.77

JUNwp 864.43 83.56 0.68 10.34 0.00 0.89 1.12

a Dependent Variable JUNCO2
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related to forest age and management practices, which

could also influence and change the rate of soil carbon

stock, TOC and SOC (Johnson and Curtis 2001; Sartori

et al. 2007; Teklay and Chang 2008; Jia et al. 2007)

through litter fall, which could make more substrates

available for decomposition (Jandl et al. 2007). The overall

soil organic nutrients are the combined function of the high

percentage of TAGB, BGB, SOCs and SOCstock recorded

from the forest biomass (Saiz et al. 2006). The nutrients

resulting from these activities, increase the food and energy

for microbial activities as they respire in the process of

decomposition of soil organic matter, serving as a prime

factor to emit a considerable amount of soil CO2 (Adachi

et al. 2006). However, logging and grazing could decrease

the forest biomass as the recovering forest increases with

an increase in the biomass (Li et al. 2000). The soil BD was

found to increase with depth indicating the role that pore

space plays in water movement, electric conductivity and

microbial activity. Partial correlation and multiple regres-

sion analysis indicated a high and significant (p\ 0.01,

R2 = 0.65–0.93) positive correlation between environ-

mental factors and variation in soil CO2 efflux. The observed

spatial and temporal variation of soil CO2 efflux might result

from an enhancement of the soil temperature, moisture and

water potential; likewise for TAGB, BGB, SOCs and

SOCstock. Subsequent litter deposition and carbon–nitrogen

ratio could supply more soil nutrients and decomposition for

microorganisms to release CO2. Soil CO2 efflux is controlled

by biotic and abiotic factors such as temperature, soil

moisture, water potential, forest biomass, vegetation type,

soil microbial biomass, photosynthetic characteristics of

vegetation, SOC content and management of the forest

(Raich and Schlesinger 1992; Fernandez et al. 1993;

Neergaard et al. 2002; Adachi et al. 2006; Subke et al. 2006).

In general, soil temperature, soil moisture and water poten-

tial are the key factors that affect the spatial and temporal

variation in soil CO2 efflux (Rey et al. 2002; Subke et al.

2006; Iqbal et al. 2008). In the present study, we found

similar correlations, but soil CO2 efflux was more strongly

correlated with soil temperature then soil moisture and water

potential. We also found a significant positive correlation

between soil temperature, soil moisture, water potential,

forest biomass and soil properties, which agree with the

results of the previous studies (Tang et al. 2006).

The Pearson correlation analysis indicated that the

strength of association between soil temperature and soil

CO2 efflux was very high significantly different

(p\ 0.001) confirmed that soil temperature was signifi-

cantly positively correlated with soil CO2 efflux compare

to other environmental properties, suggesting that the

contribution of soil temperature to soil CO2 efflux is

stronger and played the dominant role. When other factors

were added to the analysis, it was found that soil CO2

efflux was strongly influenced by the combined factors, as

they were strongly positively correlated with soil temper-

ature. Rising temperature can increase the physiological

activity of soil micro-organism, leading to higher decom-

position rates and higher soil CO2 efflux (Han et al. 2007).

Therefore, these results suggested that soil temperature,

soil moisture, water potential, changes in soil properties

and forest biomass are major influencing factors on soil

CO2 efflux in the 50 years old recovering forest of lowland

Peninsular Malaysia.

Conclusions

The study demonstrated that soil CO2 efflux vary signifi-

cantly as a function of environmental properties The spatial

and temporal soil CO2 efflux results obtained showed a

strong relationship (R2 = 0.86, p\ 0.001) with the con-

tributing factors, such as forest biomass, changes in soil

temperature, moisture and soil properties, as well as the

forest age. The considerable amount of soil CO2 efflux was

remarkable and varied on a daily basis over the months,

inasmuch as the soil CO2 increased from February to the

peak in March and then steadily declined from April to

June. The contribution of the entire environmental factors

to total soil CO2 efflux also varies with months, with

increasing from February to March and decreases from

April to June. The results indicate that soil temperature was

the main factor influencing the soil CO2 variation

(R2 = 0.94, p\ 0.001), followed by soil moisture, changes

in the soil properties, high input of carbon from forest

biomass and water potential as combined abiotic and biotic

factors (R2 = 0.83, p\ 0.001). Therefore, the results

suggested that the spatial and temporal variation in soil

Fig. 3 Box and whisker plot of environmental properties
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CO2 efflux is a function of the forest carbon input, soil

properties and the microclimate condition. The results

indicated that poor land management resulting from log-

ging could have a negative effect on the global carbon

cycle and alter the forest as a carbon sink and source.
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