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Abstract: In order to gain more detailed knowledge of the CO2 concentration gradient in forest soil
profiles and to better understand the factors that control CO2 concentration along forest soil profiles,
we examined the soil surface CO2 flux, soil properties and soil profile CO2 concentration in upright
(CK), inverted and mixed soil columns with a depth of 60 cm in two subtropical forests in China
from May 2008 to December 2009. The results showed that: (1) The SOC (soil organic carbon), TN
(total N) and microbial biomass were higher in the deeper layers in the inverted soil column, which
was consistent with an increase in CO2 concentration in the deeper soil layer. Furthermore, the
biogeochemical properties were homogenous among soil layers in the mixed soil column. (2) CO2

concentration in the soil profile increased with depth in CK while soil column inversion significantly
intensified this vertical stratification as the most active layer (surface soil) was now at the bottom.
The stratification of CO2 concentration along the soil profile in the mixed soil column was similar
to that in CK but it was not intensified after soil was mixed. (3) The soil surface CO2 flux did not
significantly change after the soil column was inverted. The surface CO2 flux rate of the mixed
soil column was higher compared to that of the inverted soil column but was not significantly
different from CK. Our results indicated that the profile soil CO2 production was jointly controlled by
soil properties related to CO2 production (e.g., SOC content and soil microbial biomass) and those
related to gas diffusion (e.g., soil bulk density and gas molecular weight), but the soil surface CO2

flux was mainly determined by soil surface temperature and may be affected by the intensity of
soil disturbance.

Keywords: CO2 production and diffusion; soil properties; CO2 emission; surface soil layer

1. Introduction

An increase in atmospheric CO2 concentration is considered to be one of the main causes for
global warming [1,2]. As the largest terrestrial source and potential sink for CO2, soil is particularly
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important in the global carbon cycle [3–7]. All CO2 produced in the soil would be emitted through soil
surface efflux on a long-term basis [8]. The soil profile CO2 concentration was reported to drive and
accelerate this surface emission process [9] and therefore, this would influence the carbon balance of the
forest. Some models estimated the soil CO2 effluxes from the soil CO2 concentration profiles [10–12].
Thus, we need to gain more detailed knowledge of the soil profile CO2 concentration in order to better
assess its contribution to soil surface CO2 emission and global warming.

The majority of the forest soil CO2 is produced in the surface layer since the majority of SOM
(soil organic matter) and roots are distributed in the surface soil. However, the soil profile CO2

concentration is high in the deep soil layer and low in the surface soil, which is the opposite to the
production source layer [13]. Microbial biomass acts as both a source and sink for nutrients and
participates in C, N and P transformation. Although it contributes less than 5% to SOM, it plays an
active role in the soil C cycle [14]. The soil profile CO2 concentration depends on both the processes of
CO2 production and diffusion. Studies have shown that soil CO2 production and diffusion often has a
strong and remarkable dependence on temperature and moisture [15–17]. It was also affected by soil
properties, such as soil organic matter, total N (TN) and bulk density, root dynamics and microbial
biomass [18,19]. However, there were limited studies focused on the relationship between the variation
of soil properties and soil CO2 concentration.

Agricultural practice, such as tillage, plays an important role in the storage and release of C within
the terrestrial C cycle. The conventional intensive tillage was found to increase the emission of CO2 by
16.0% in a subtropical rice farm [20]. Significantly greater CO2 fluxes were also observed in subtropical
paddy ecosystems after tillage operations [21]. Tillage disturbance does not occur as frequently
as croplands in forests but during the process of restoring damaged ecosystems, tree planting and
occasionally tillage are usual practices. Consequently, soil mixing is inevitable during ploughing.

In the present study, we manipulated a soil column experiment with upright, inverted and mixed
soil columns in order to investigate the soil surface CO2 flux, the distribution of CO2 concentration in
soil profiles and their influencing factors. The field site was a forest restoration ecosystem. We mixed
the soil in “mixed” columns to identify the influence of “tillage” disturbance on soil CO2. The purpose
of our study was to examine the dependence of soil profile CO2 concentration on soil properties in
order to better understand the mechanism of the vertical stratification of soil profile CO2 concentration
and the relationship of soil profile CO2 with soil surface CO2 flux.

2. Materials and Methods

2.1. Study Area

The study was conducted over a 20-month period (from May 2008 to December 2009) in
two subtropical plantation forests at the Heshan Hilly Land Interdisciplinary Experimental Station
(112◦50′ E, 22◦34′ N), Guangdong Province, China. These selected forests included a coniferous forest
(CF) mixed by Pinus massoniana lamb, Cunninghamia lanceolata (lamb) Hook and a broad-leaved
forest (BF) dominated by Schima wallichii Choisy. The soil of the field site was an Orthic Acrisol [22]
and the surface soil pH was about 4.0. The soil SOC (soil organic carbon) was 13.08 and 19.26 g kg−1

while the TN was 0.99 and 1.11 g kg−1 in CF and BF, respectively. The trees were about 25 years old
when the current experiment started in 2008.

2.2. Experimental Design and Sample Analysis

A randomized block design with six replicates for each treatment was used in the soil column
manipulation experiment. The soil column treatments were: (1) Upright soil column (CK); (2) inverted
soil column (Inverted); and (3) mixed soil column (Mixed). The soil pillar was carefully dug and
sheathed in the PVC (polyvinyl chloride) pipe to make a soil column cylinder. Each soil column had a
diameter of 40 cm and a depth of 60 cm. In the upright and inverted soil columns, the soil pillar was
undisturbed but in the mixed soil column, the topsoil and subsoil were thoroughly mixed. All soil
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columns were sealed at the bottom and placed back into the original location where the soil column
was manipulated. Each soil column was equipped with gas tubes and three-way stopcocks at depths
of 20, 40 and 60 cm to sample soil CO2 while a water tube was added at the bottom to sample the
dissolved soil organic carbon and to avoid waterlog (Figure A1). Several holes with a diameter of 2 cm
were made onto the wall of the PVC pipe to allow for the free exchange of soil air. All vegetation and
litter fall were removed carefully from the soil surface of each soil column and were not present during
the experiment period, which was achieved without disturbing the soil. All these manipulations were
completed in May 2008.

We measured the soil surface CO2 flux for each column once per month with the static chamber-gas
chromatograph (GC) technique [23] from May 2008 to December 2009. PVC chamber with a diameter
of 20 cm and a height of 20 cm was gently inserted 2 cm below the soil. Gas samples were collected four
times at 10 min intervals from each soil column with 60 mL polypropylene syringes. Measurements
were always made between 09:00 and 11:00 as suggested by Xu and Qi to represent the diurnal
averages [19,24,25]. Soil CO2 concentrations at depths of 20, 40 and 60 cm were sampled after the
surface measurements and were determined using GC within 24 h. The soil temperature at depths of 5,
20, 40 and 60 cm was recorded every 0.5 h with an iButton DS1923 digital thermometer equipped in
the soil column.

Gas flux was calculated based on the soil surface gas concentration change within the chamber
over the measurement period, which was estimated as the slope of linear regression between
concentration and time. It was expressed in the following equation [26]:

F =
∆m
∆t
·D V

A
= hD

∆m
∆t

(1)

where F is the gas flux (mg m−2 h−1); h is the height of the chamber (m); D is the gas density in the
chamber (D = n/v = P/RT, in mg m−3 where P is the air pressure; T is the temperature inside of the
chamber and R is the air constant;4m/4t denotes the linear slope of concentration changing with
time over the measurement period.

The soil along the profiles was sampled in May and November both in 2008 and 2009. All soil
samples were sieved with a 2 mm sieve before analysis. Soil water content (SWC) was measured by
oven-drying for 48 h at 105 ◦C; SOC was determined by the dichromate oxidation method; soil TN was
estimated by Kjeldahl digestion with UV spectrophotometric analysis [27]; and soil bulk density was
determined by the intact soil core method. The soil microbial biomass and community structure was
analyzed using the phospholipid fatty acids (PLFAs) method as described by Bossio and Scow [28].
Different PLFAs were considered to represent different groups of soil microorganisms. The abundance
of individual fatty acids was calculated based on the 19:0 internal standard concentrations. Bacteria
were identified by 10 PLFAs (i15:0, a15:0, 15:0, i16:0, 16: 1ω7, i17:0, a17:0, 17:0, cy17:0 and cy19:0)
while 18:2ω6c and 18:1ω9c were used as the indicators of fungal biomass [29]. The ratio of fungal
PLFAs to bacterial PLFAs was used to estimate the ratio of fungal to bacterial biomass (F/B) in soil [30].
The results of soil properties were the average of four measurements.

2.3. Statistical Analysis

A repeated measures analysis of variance (RM ANOVA) was performed to examine the monthly
changes in CO2 concentration and the soil surface CO2 flux. Two-way ANOVA and LSD (least
significant difference) tests were performed to compare the physicochemical and microbial traits
among forest types and soil treatments. All statistics were performed using IBM SPSS Statistics 21
(IBM Corporation, New York, NY, USA) and SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA).
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3. Results

3.1. Precipitation and Air Temperature

The annual precipitation of the site was 1319.6 mm and 1525.6 mm while the average temperature
was 21.60 ◦C and 22.49 ◦C in 2008 and 2009, respectively. The precipitation from May to September
(high temperature period, monthly mean temperature >25 ◦C) in 2008 was 922.60 mm, which was
significantly less than that in the same period in 2009 (1148.20 mm). The mean air temperature was
26.95 ◦C in this period in 2008, which was lower by 0.62 ◦C compared to 2009 (Figure A2). The mean
soil temperature at a depth of 5 cm was 24.73 ◦C in CF in the study period, which was higher by
1.29 ◦C compared to BF.

3.2. Variation of Soil Profile CO2 Concentration

Large variations of CO2 concentration in soil profiles were observed both throughout time and
with different depths in all treatments (Figure 1a–f). In general, the CO2 concentration increased with
depth, with the highest concentrations observed at a depth of 60 cm. CO2 concentrations in soil profiles
were quite different between the two years, with the peak accumulation having occurred in the high
temperature period of the second year. The CO2 concentration in the BF soil was higher than that in
the CF soil.
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Figure 1. Seasonal variations of CO2 concentration along soil profiles in a coniferous forest (CF) and
a broad-leaved forest (BF). Different soil column treatments were: (a) CF-CK (upright soil column);
(b) BF-CK; (c) CF-Inverted; (d) BF-Inverted; (e) CF-Mixed; and (f) BF-Mixed. Data are shown as means
± SE, n = 6.
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The average CO2 concentration in CF at a depth of 60 cm was 1.1 × 104 µL·L−1, which was
39% higher than that in 20 cm. The CO2 concentration in the inverted soil column at a depth of
60 cm reached 3.2 × 104 µL·L−1, which was about 4.8 times that of the 20 cm. In other words, the
vertical stratification of CO2 concentration in the soil profile was intensified in the inverted soil column
compared to CK. In the mixed soil columns, the CO2 concentration in each layer was lower than
CK. Similar patterns were observed in BF, which showed that the inverted soil column intensified
the stratification of CO2 concentrations in soil profiles, while CO2 concentrations in the “Mixed” soil
column were lower than CK despite still maintaining its stratification.

3.3. Seasonal Variation of Soil Surface CO2 Flux

Soil surface CO2 flux rates varied significantly during the study period, with higher CO2 flux
rates observed during the summer both in BF and CF (Figure 2a,b). The repeated measures analyses of
variance indicated a significant interaction between months and treatments (p < 0.001). The average
soil surface CO2 flux rates in CF were 185.69, 155.70 and 201.81 mg m−2 h−1 for the CK, inverted
and mixed soil columns, respectively. In BF, the rates were 183.42, 159.95 and 197.70 mg m−2 h−1,
respectively. The soil surface CO2 flux rates of the inverted soil column were 13%–16% lower than
CK while that of the “mixed” soil column were somewhat higher although these differences were not
significant. However, soil surface CO2 flux rates of the “mixed” soil column was significantly higher
than that in the inverted soil column in BF (p < 0.05). Soil surface CO2 flux rates from CF did not
significantly differ from the rates measured in BF.
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Figure 2. Fluxes of CO2 in a coniferous forest (CF) (a) and a broad-leaved forest (BF) (b) in different soil
column treatments: CK, inverted and mixed. Error bars represent standard errors of the mean (n = 6).
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3.4. Soil Biogeochemical Properties in Different Columns

The SOC (at a depth of 0–20 cm) was significantly higher in the BF soil than in the CF soil (p < 0.05,
Table 1). SWC, TN and bulk density did not differ between the two forests. In the upright soil column,
the SOC and TN in the topsoil were significantly higher than in the subsoil (p < 0.05) while the soil
bulk density was higher in the subsoil. Naturally, the opposite pattern was observed in the inverted
soil column, which showed that SOC and TN were higher in “new subsoil” but soil bulk density was
higher in the “new topsoil”. In the mixed soil column, all measured soil properties did not differ
significantly among the three soil layers.

Table 1. Soil physical and chemical properties by depth and soil columns manipulation, including
soil water content (SWC), total organic carbon (TOC), total nitrogen (TN) and bulk density. Error bars
represent the standard errors of the mean (n = 4). Different letters represent significant differences (LSD
test, p < 0.05).

Forest
Type Treatments Profile SWC (%) SOC

(g·kg−1)
TN

(mg·L−1)
Bulk Density

(g·cm−3)

CF CK 0–20 cm 19.66 ± 4.00a 13.09 ± 2.74a 1.17 ± 0.14a 1.40 ± 0.05a
20–40 cm 18.95 ± 2.54a 7.62 ± 2.21b 0.83 ± 0.18b 1.48 ± 0.06a
40–60 cm 19.93 ± 2.97a 5.75 ± 1.45b 0.70 ± 0.10b 1.48 ± 0.08a

Inverted 0–20 cm 19.08 ± 3.21a 5.98 ± 1.00b 0.66 ± 0.15b 1.49 ± 0.02a
20–40 cm 20.04 ± 1.86a 6.17 ± 1.76b 0.71 ± 0.20b 1.46 ± 0.11ab
40–60 cm 21.36 ± 2.58a 10.12 ± 2.98a 0.99 ± 0.20a 1.35 ± 0.09b

Mixed 0–20 cm 20.19 ± 2.63a 10.89 ± 1.82a 0.97 ± 0.18a 1.31 ± 0.03a
20–40 cm 21.04 ± 2.67a 9.25 ± 1.35a 0.94 ± 0.16a 1.30 ± 0.05a
40–60 cm 21.80 ± 1.53a 9.42 ± 0.69a 0.90 ± 0.16a 1.28 ± 0.09a

BF CK 0–20 cm 23.15 ± 1.82a 17.25 ± 1.53a 1.42 ± 0.41a 1.39 ± 0.02b
20–40 cm 21.07 ± 2.15a 6.97 ± 1.94b 0.81 ± 0.29b 1.55 ± 0.05a
40–60 cm 21.44 ± 1.60a 4.76 ± 1.54b 0.68 ± 0.33b 1.48 ± 0.08a

Inverted 0–20 cm 20.15 ± 1.82a 5.51 ± 1.44b 0.75 ± 0.41a 1.39 ± 0.09a
20–40 cm 20.62 ± 2.51a 5.31 ± 1.49b 0.76 ± 0.31a 1.48 ± 0.10a
40–60 cm 23.29 ± 1.83a 12.79 ± 5.54a 1.15 ± 0.29a 1.39 ± 0.02a

Mixed 0–20 cm 21.80 ± 2.31a 9.43 ± 2.16a 0.97 ± 0.33a 1.32 ± 0.08a
20–40 cm 22.22 ± 1.57a 9.18 ± 3.01a 0.92 ± 0.21a 1.35 ± 0.03a
40–60 cm 22.50 ± 3.93a 8.33 ± 2.22a 0.96 ± 0.40a 1.32 ± 0.04a

In the upright soil columns, the mean total soil microbial biomass (PLFA), fungal biomass, bacterial
biomass and F/B ratio all decreased with depth both in CF and BF soil (Table 2). In the inverted soil
column, bacterial biomass was higher in the “new subsoil” while fungal biomass was higher in the
“new topsoil”. In the mixed soil column, the biogeochemical properties were homogenous among
different soil layers.

Table 2. Soil microbial community characters in each soil layer over all manipulated soil columns.
PLFA, total PLFA; Fun, fungi; Bac, Bacteria; F/B, the ratio of fungal to bacterial biomass. Error bars
represent the standard errors of the mean (n = 4). Different letters represent significant differences (LSD
test, p < 0.05).

Forest
Type Treatments Profile PLFA

(nmol·g−1) Fun (mol%) Bac (mol%) F/B%

CF CK 0–20 cm 6.34 ± 3.52a 4.14 ± 1.34a 28.64 ± 5.76a 14.69 ± 4.23a
20–40 cm 4.07 ± 2.24a 1.99 ± 0.98ab 21.33 ± 8.61b 10.75 ± 6.12a
40–60 cm 4.15 ± 2.30a 1.53 ± 1.12b 17.86 ± 4.93b 8.89 ± 5.83a

Inverted 0–20 cm 5.45 ± 2.66a 3.52 ± 3.39a 17.39 ± 3.31b 19.64 ± 18.31a
20–40 cm 4.72 ± 2.25a 1.18 ± 0.72a 17.06 ± 3.36b 7.34 ± 4.67b
40–60 cm 5.10 ± 1.90a 2.94 ± 0.51a 27.51 ± 6.05a 11.18 ± 4.54a

Mixed 0–20 cm 7.31 ± 4.60a 5.01 ± 2.60a 27.25 ± 3.00a 17.43 ± 8.86a
20–40 cm 5.57 ± 2.73a 3.21 ± 0.89a 25.28 ± 3.84a 12.09 ± 3.37a
40–60 cm 5.45 ± 1.77a 2.76 ± 0.56a 25.83 ± 2.10a 10.19 ± 2.06a
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Table 2. Cont.

Forest
Type Treatments Profile PLFA

(nmol·g−1) Fun (mol%) Bac (mol%) F/B%

BF CK 0–20 cm 10.55 ± 1.92a 3.35 ± 1.90a 24.24 ± 6.24a 13.04 ± 5.24a
20–40 cm 7.75 ± 1.94a 2.05 ± 0.74a 20.83 ± 3.85a 9.79 ± 4.14a
40–60 cm 6.23 ± 1.05b 0.98 ± 0.60a 14.37 ± 3.15b 7.32 ± 4.10a

Inverted 0–20 cm 6.54 ± 1.55a 3.71 ± 4.90a 16.79 ± 3.93a 8.46 ± 4.25a
20–40 cm 6.83 ± 2.49a 1.39 ± 0.41a 18.38 ± 3.64a 8.81 ± 3.39a
40–60 cm 7.11 ± 0.96a 1.74 ± 0.48a 21.24 ± 1.06a 8.93 ± 1.67a

Mixed 0–20 cm 7.05 ± 2.27a 2.21 ± 2.04a 20.96 ± 4.47a 9.88 ± 8.07a
20–40 cm 8.49 ± 2.37a 1.44 ± 1.30a 16.15 ± 6.37a 8.19 ± 5.49a
40–60 cm 9.10 ± 3.08a 1.32 ± 1.11a 16.32 ± 4.66a 7.93 ± 4.95a

3.5. Correlations of Soil CO2 Concentration and Temperature

The dependence of soil CO2 concentration on temperature was strong and consistent in two
forests in the CK and mixed soil columns (Figure 3a–f). The relationship was well fit by an exponential
growth regression model (p < 0.001). The temperature explained 26%–76% of the variation in soil CO2

concentration in the upright and mixed soil columns. In the inverted soil columns, this dependence
was significantly weaker.
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Figure 3. Relationship between soil profile CO2 concentration and soil temperature. Different soil
column treatments were: (a) CF-CK; (b) BF-CK; (c) CF-Inverted; (d) BF-Inverted; (e) CF-Mixed; and
(f) BF-Mixed.
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4. Discussion

4.1. Effects of Environment Variables on CO2 Concentration in Soil Profiles and Soil Surface CO2 Flux

In general, the soil CO2 concentration was greater in the deeper soil layer regardless of the way
that the soil columns were manipulated in the present study. We considered that this was mainly due to
the difficulty of CO2 diffusion within the soil profile to the atmosphere [15]. Studies have demonstrated
that the molecular diffusion trait is the most important factor affecting CO2 transportation within the
soil profile. Furthermore, this was strongly dependent on soil porosity, which was closely related to
soil moisture [9]. Rainfall could lead to an increase in soil moisture and a decrease in CO2 diffusivity,
which would subsequently result in CO2 accumulation in soil and increase the CO2 concentration
in deep soil [16]. Our data also showed that CO2 concentration in soil profiles increased with the
seasonal temperature rise, which was probably due to an increase in soil microbial respiration with
increasing temperature. This suggests that temperature is also a major factor that influences CO2

concentration along the soil profile. The summer of 2009 was relatively hotter and wetter than the
summer of 2008 during the study period, which resulted in a significantly higher CO2 concentration in
the summer of 2009 thus, verifying that temperature and moisture are major factors determining soil
CO2 concentration.

4.2. Soil Properties and Soil CO2 Concentration Stratification

The inverted soil column was found to intensify the stratification of CO2 concentration due to the
replacement of the subsoil with the original topsoil. In this case, the SOC, TN and microbial biomass
were higher in the deeper layer in the inverted soil column, which was consistent with an increase in
CO2 concentration in the deeper soil layer. SOC and TN provide energy and nutrients for microbial
growth and thus, the CO2 in the soil profiles mainly resulted from microbial activity. In addition, the
higher soil bulk density in the “new topsoil” in the inverted soil column would have a negative effect
on CO2 emission from the soil since CO2 diffusion within the soil profile depends on soil porosity,
which is tied closely with soil bulk density.

As we observed, soil organic carbon, total nitrogen and microbial biomass were often higher in
original topsoil and they coincided with higher CO2 production. However, the soil CO2 concentration
was generally higher in the deeper soil layer. Furthermore, soil properties in the mixed soil columns
did not differ significantly among soil layers but the CO2 concentration along the soil profile showed a
clear stratification. These results indicated that although CO2 concentration was highly influenced by
soil properties, it was the gravity that determined the vertical distribution of soil CO2 concentration
since the molecular weight of CO2 is greater than air.

4.3. CO2 Profile Concentration and its Relationship to Soil Surface CO2 Flux

The surface CO2 flux rates of the mixed soil column were 8%–9% higher than those in CK
although these were not statistically significantly. This was much less than those in the croplands
under conventional tillage [20,21]. Soil profile CO2 is transported into the atmosphere primarily by
diffusion and air turbulence at the forest soil surface, which could significantly impact the carbon
balance of the forest ecosystem [31,32]. These important processes often occurred near the soil surface
but had little effect on the subsoil CO2 storage. Wiaux et al. [10] observed that approximately 90%–95%
of the surface CO2 fluxes originated from the top 10 cm of the soil profile. On one hand, the upward
movement of CO2 is a slow process limited by soil surface texture and turbulence. On the other hand,
CO2 has the tendency to sink down along the soil profile as the molecular weight of CO2 is heavier
than the average molecular weight of air [13].

In the present study, it is important to note that soil column inversion significantly intensified
the vertical stratification of soil profile CO2 concentration. However, this did not intensify soil surface
CO2 flux rate, which was even lower compared to CK. In contrast, soil column mixing increased the
soil surface CO2 flux to some extent (although this was not statistically significant). C content in BF
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in the topsoil was 32% more than that in CF, while the soil surface CO2 flux rates from BF were not
significantly different from those in CF. These results suggested that CO2 production was stimulated
by the increased CO2 production sources (SOC, TN and microbial communities) while surface soil
CO2 exchange could be altered by changing the soil texture (i.e., soil bulk density) and soil surface
temperature (mean soil temperature at a depth of 5 cm was 1.29 ◦C higher in CF than in BF).

5. Conclusions

The soil profile CO2 concentration appeared to be strongly affected by environmental factors
(temperature and precipitation) and soil properties (SOC, TN, soil bulk density and microbial
communities) in the current study. The surface CO2 fluxes rates remained relatively stable when
the CO2 concentration in soil profile was increased to a significant extent. These results increased our
understanding of the factors influencing CO2 concentration in forest soil profile and the relationship
of soil profile CO2 with soil surface CO2 flux. We concluded that the interaction of soil properties
and environmental factors controlled the CO2 production in the soil profile, but the soil surface CO2

emission could be affected by the intensity of the disturbance or soil temperature variation. Although
all CO2 produced in the soil would be eventually emitted to the atmosphere through soil surface efflux
on a long-term basis, CO2 stored in the subsoil may be relatively stable in the deeper soil layers.
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