
Short-Term Soil CO2 Concentration Responses to Precipitation
Events in Karst Land with Diverse Vegetation Coverage in
Southwestern China
Yucong Fu,* Jie Zeng, and Zhongjun Wang

Cite This: ACS Earth Space Chem. 2023, 7, 2062−2072 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Exploring the short-term fluctuations in soil carbon
dioxide (CO2) concentrations is critical for understanding the
terrestrial carbon (C) cycle, especially in karst soil due to its vast C
reserves and fragile eco-environment. In this study, we investigated
the rainfall-event-driven CO2 concentration variations in the soil
profiles of cropland (CR), abandoned cropland (AC), grassland
(SG), and secondary forest (SF) in a typical karst watershed by a
sensor technique to understand the short-term soil CO2 dynamics
and their controls at different recovery stages. Our results showed
that the CO2 concentrations in all studied soil types responded to
rainfall quickly and decreased significantly during rainfall. CR had
the largest decrease (1350 ppm), followed by AC (912 ppm), with a response time of approximately 150 min. By contrast, the
decreases in soil CO2 in SG and SF were smaller, with decreases of 428 and 155 ppm and shorter response times of approximately 45
min. The soil CO2 concentration showed an obvious diurnal variation pattern consistent with the soil temperature, but there was a
lag effect of soil CO2. After rainfall, the diurnal difference in soil CO2 concentration decreased, which may be due to a decrease in
temperature difference or may be related to soil CO2 entering groundwater or being consumed by the chemical weathering of
carbonates. Our data indicated that the sensitivity of both soil C production and loss to environmental changes such as temperature
and precipitation varies in soils with different vegetation recoveries in karst areas. As vegetation recovers, CO2 drops less during
rainfall, suggesting that vegetation recovery enhances soil C stability, thereby helping to sequester atmospheric CO2 and contribute
to the enhancement of C sink functions in karst ecosystems.
KEYWORDS: karst, rainfall, soil CO2, soil temperature, soil moisture content

1. INTRODUCTION
The increasing concentration of anthropogenic CO2 in Earth’s
atmosphere has been closely monitored in the last few
decades.1 Numerous studies suggested that Earth will
experience a series of global environmental changes (including
frequent droughts and floods in some areas with large
population) if continuing on this trend, which greatly threatens
sustainable human development.2 However, the carbon (C)
sinks (particularly terrestrial carbon sinks), are still poorly
understood, and there is still imbalance between sources and
sinks in global C budget.3,4

Soil is one of the largest C pools in terrestrial ecosystems.5,6

Soil CO2 is a significant contributor to atmospheric CO2
because it can be emitted into the atmosphere along the
concentration gradient.7,8 On vegetated land, plants thrive in
the upper layers of soil and possess the capability of converting
inorganic C into organic C through photosynthesis.9 Upon
decomposition, these plants undergo biodegradation and thus
transformation into both solid and gaseous components of the
soil. The respiration of animals and plants within the soil leads

to a higher concentration of CO2. Soil CO2 can also be
produced by the dissolution of carbonates in calcareous soils.10

Only at a few exceptional sites is CO2 derived from geothermal
sources.11 Soil CO2 can be consumed by the dissolution of
minerals in soil and the underlying carbonate rocks,12 it can
also enter rivers via soil pore water when some soil CO2 is
released into the atmosphere,7 while the rest may be converted
into dissolved inorganic C (DIC) in the water body by
microorganisms, forming C sinks in a short period of time.12 In
any case, the concentration of soil CO2 is determined by its
production and loss, both of which are subject to various
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factors, including soil temperature, moisture, and organic
matter content.

Many efforts have been made to understand soil CO2
dynamics in different types of vegetated lands. For instance,
Flechard et al.13 conducted long-term monitoring of grassland
soil to quantify the time-dependent changes in soil CO2
storage, showing that atmospheric turbulence on a diurnal
scale has a dynamic impact on CO2 storage in soil and that
diurnal variations in CO2 concentrations are significantly
correlated with soil temperature.14 The studies on forest
systems showed that temperature can promote CO2
production and change diffusion coefficient.15 Huang et al.16

studied the concentration of soil CO2 in arid areas, suggesting
that the daily time scale is mainly affected by temperature, and
the soil moisture content is the main limiting factor on the
annual scale. During the humid season, the moisture content
and its pulse effect may become the key driving factors
affecting the dynamics of soil CO2.14,17 Even a small amount of
rainfall could significantly affect soil C dynamics by triggering
the activity of biological crusts,18 and the impact of soil
moisture on soil CO2 after rainfall was underestimated.19

During a rainfall event, a large amount of material migrates
from the soil to the river and lake system. In this process, there
is a common understanding that a large part of river DIC
comes from soil CO2,20−22 which has a significant impact on C
storage and migration in aquatic systems. However, the effect
of rainfall on soil C dynamics is still unclear, which limits our
understanding of the dynamics of soil C on the river DIC
content. Moreover, in alkaline soils, a recent study found a
negative flux of soil CO2 in extreme cases, indicating that the
absorption of CO2 is so pronounced.10 Carbonate rock is
widely involved in karstification and biological processes in
karst areas, which have a significant impact on the global C
cycle as a result of interaction among water, rock, soil,
atmosphere, and biological processes.23,24 Therefore, it is
essential to understand the dynamics of soil CO2 in karst areas.

However, most of previous studies focused on respiration in
surface soils, which may neglect information at deeper
depths.19 Recently, industrial solid-state sensors were devel-
oped to enable continuous and in situ monitoring of soil CO2
profiles.14,15,25 The development of new CO2 sensor
techniques has facilitated high-frequency measurements,
making investigations into hourly and subhourly changes in

soil CO2 concentrations possible.26,27 Rey et al.28 highlighted
the potential of these new technologies (including advanced
automatic chambers, CO2 concentration profiles, and isotope
techniques) in providing further insights into the dynamics and
sources of C in the soil.

This study employed an infrared probe, which is in
conjunction with temperature and water content probes, to
monitor the soil CO2 concentration, temperature, and
moisture content in limestone soil profiles with four major
vegetation types in the karst regions of southwestern China.
Our study is designed to understand the changes of soil CO2
concentrations during rainfall events in different stages of
vegetation restoration and their controlling factors.

2. STUDY AREAS
The Chenqi watershed (26°15′20″−26°16′9″N, 105°46′3″−
105°46′50″E), a small agricultural karstic watershed located
covering an area of 1.25 km2, lies in the headwaters of the
Houzhai River, Puding County, Guizhou Province, China
(Figure 1). Notably, the region is in the center of the Southeast
Asian Karst Region. The climate in this region is classified as a
subtropical monsoonal climate, and the annual precipitation is
primarily concentrated in the summer and autumn, represent-
ing more than 80% of the yearly rainfall.29 During the rainy
season of 2017, the accumulated precipitation was approx-
imately 970 mm, amounting to 85.9% of the aggregate annual
rainfall, and the mean temperature was 21.3 °C. In contrast,
the mean temperature recorded during the arid period was
11.2 °C.30,31

The Chenqi catchment represents a typical karst terrain
distinguished by peak-cluster depression. Carbonate rocks are
extensively distributed throughout this area. The soil profile is
shallow and discontinuous, whereas the arable stratum attains a
great thickness (>100 cm) in the gentle topography or incline.
The area is encircled by star-shaped conical hills, with
elevations ranging from 1310 to 1514 m.32 The main land
use types in this catchment are shrubs, grass, forest, and
abandoned cropland (AC), which together account for
approximately 83% of the total land area. The bottom of the
valley is arable land, which accounts for approximately 17% of
the landmass, of which 14% is dry land and 3% is paddy
fields.33

Figure 1. Location and land use of the Chenqi catchment (modified from Wang et al.31).
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3. METHODOLOGY
The research involves deploying observation stations at
different depths of the soil profile across four distinct types
of vegetation cover [cropland (CR), AC, shrub and grassland
(SG), and second forest (SF)]. To measure the soil CO2
concentration, a closed system previously developed to
measure the CO2 concentration in water was used.34 The
system consisted of an NDIR probe (CARBOCAP GMP252,
Vaisala, Vantaa, Finland) for the CO2 concentration in the air,
and a gas-permeable pipe was built (Figure 2); the air was

circulated continuously in the system by a diaphragm pump.
Since the pipe was designed to have excellent permeability to
CO2, the concentration of CO2 in the air circulating in the
system equilibrated with that in the soil around the tube. The
soil CO2 concentration was measured by installing the gas-
permeable pipe horizontally at depths of 10, 30, 50, and 70 cm
(Figure 2). A needle-shaped soil temperature and humidity
probe (MS10A, China) was deployed to measure the soil
temperature and moisture content at the same depth as the
CO2 concentration measurement. Analog voltage outputs of
the temperature/humidity and CO2 concentration probes were
used, logged with a data logger, with intervals of 15 min. The
system was operated continuously from January 2017, and we
reported data from May 3 to 8, 2017. Soils were pulverized and

passed through an 80-mesh sieve, acidified with HCl (0.5 mol
L−1) for 24 h to remove inorganic C, washed to neutrality
using distilled water, dried at 60 °C to a constant weight, and
then pulverized and passed through a 100-mesh sieve.
Subsamples were used to measure SOC concentrations with
an elemental analyzer (Vario MAX CNS analyzer, Elementar
Analysensysteme, Hanau, Germany), and data on organic
matter have been published in.30

On the evening of May 5, 2017, a concentrated rainfall event
occurred, resulting in a total rainfall of 18.4 mm. The
subsequent dynamics of the soil CO2 concentration, soil
temperature, and soil moisture throughout the profile were
observed during the rainfall process.

4. RESULTS
4.1. Soil Temperature and Moisture Content. Prior to

precipitation, the soil temperature gradually diminished from
the surface layer to the deep layer, aligning with the
distribution law of the temperature (Table 2). Before the
rain events, in the CR, the soil temperature decreased gradually
from the surface layer at 0 cm to the deep layer at 70 cm, and
the average temperatures were 22.3, 21.4, 20.4, and 18.5 °C,
respectively (Table 2). The surface soil temperature experi-
enced the most significant fluctuation range within the profile,
with the range decreasing as the depth increased, and the
fluctuation ranges from the surface to deep layer were 9.9, 1.5,
0.9, and 0.5 °C, respectively. Other profiles were slightly
different from the specific values of CR, but the trend was
consistent. The peak of the diurnal temperature curve of the
soil surface appeared at approximately 15:00, and the peak
time was delayed relative to the surface layer in deeper soil
layers. Below 50 cm, no obvious diurnal variation could be
observed. During precipitation, the soil temperature declined
dramatically within a short period of time (Figure 3). The
surface soil temperature had a significant decrease, while the
degree of variation decreased with increasing soil depth, and
the ranges from top to bottom were 3.8, 1.1, 0.1, and 0.0 °C.
After rainfall, except for 10 cm, there was no obvious diurnal
change in the other layers, and the temperature decreased
continuously.

Figure 2. Schematic diagram of the online observation device for the
soil CO2 concentration.

Table 1. Site Information on Different Vegetation Typesa

pH SOC g/kg soil bulk density (g/cm3) soil porosity (%) saturated soil moisture content (cm3 cm−3) wilting points (cm3 cm−3)

CR-10 cm 6.76 25.79 1.45 0.45 0.43 0.10
CR-30 cm 6.47 19.11 1.54 0.42
CR-50 cm 6.24 13.28 1.53 0.42
CR-70 cm 5.73 7.79 1.45 0.45
AC-10 cm 7.10 34.74 1.29 0.51 0.50 0.10
AC-30 cm 6.38 31.56 1.21 0.55
AC-50 cm 6.71 19.23 1.29 0.51
AC-70 cm 6.99 8.08 1.41 0.47
SG-10 cm 7.29 35.00 1.12 0.58 0.57 0.14
SG-30 cm 6.93 14.64 1.34 0.49
SG-50 cm 7.07 6.99 1.50 0.43
SG-70 cm 7.16 8.49 1.47 0.45
SF-10 cm 5.72 43.42 1.04 0.61 0.57 0.14
SF-30 cm 6.39 25.57 1.29 0.51
SF-50 cm 6.47 14.10 1.32 0.50
SF-70 cm 6.27 11.89 1.29 0.51

aSoil pH, SOC, soil bulk density, and soil porosity are from ref 29, and saturated soil moisture content and wilting points are from ref 54.
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The soil moisture content showed an increasing trend from
the surface toward the deep layer (Table 2). Dynamic diurnal
fluctuations in the soil moisture content had an apparent
pattern at the surface layer, characterized by a low moisture
content during the daytime and high moisture at night.
However, the degree of diurnal variation weakened with
increasing depth and became almost imperceptible at a depth
of 70 cm (Figure 3). During precipitation events, the soil
moisture content had a rapid and substantial increase with the
greatest variation occurring at the surface layer. The increasing
rate of moisture content in the CR profile decreased from the
surface to the deep layer with increasing rates of 12.9, 3.4, 1.4,
and 0.1%, respectively. Taking the CR as an example, within
half an hour, the moisture at 10 cm surged from 14.4 to 27.3%,
while at 30 cm, it only increased from 31.4 to 34.9%. The soil
moisture content at 50 cm appeared to be minimally impacted
by the rainfall event. Except for the 10 cm depth at SF, the soil
moisture of all of the other sites increased synchronously with
rainfall.

4.2. Variation of Soil CO2 Concentration. There was
substantial temporal and spatial variation in soil CO2
concentrations, with an increase during summer and a decrease
during winter.26,35 In terms of diurnal variation, the CO2
concentration was typically high during the daytime and low at
night. Typically, the concentration of CO2 increased with
depth; however, it exhibited a sharp decline beyond a certain
depth (Figure 3). Due to the consumption of soil CO2 by
carbonate dissolution, the soil CO2 concentration in karst areas
often shows a bidirectional gradient in the vertical direction;
that is, the maximum soil CO2 concentration appears in the
middle of the soil rather than that at the bottom of the soil.36

Studies have shown that in the wet season in karst areas, the
CO2 concentration in the bottom soil decreased significantly
with increasing depth due to enhanced CO2 dissolution and
the consumption of the bedrock in the limestone soil after rain.
During the whole study period, the overall CO2 concentrations
were higher in the SF and CR systems, with concentrations of
2281 and 2177 ppm, respectively, and lower in the AC and SG
systems, with concentrations of 1418 and 1364 ppm,
respectively.

During rainfall, soil CO2 undergoes intense fluctuations,
wherein it rapidly decreases during intense rainfall and
subsequently returns to normal concentration levels in the
following days (Figure 3). However, at individual layers of the
soil profile, the concentration of CO2 increased briefly and
then decreased rapidly to a low concentration (Figure 3). After
rainfall, the diurnal change in the CO2 concentration was
weakened. The diurnal variation in the CO2 concentration in
the soil profiles observed in this study was obvious. Before
rainfall, the diurnal variation ranges of the average CO2
concentration in CR, AC, SG, and SF were 2651, 348, 265,
and 236 ppm, respectively. The diurnal variation decreased
after rainfall, and the diurnal difference of the four soils
decreased to 226, 163, 123, and 142 ppm, respectively. Because
the 70 cm depth of the soil belongs to the soil−rock interface,
the short-term rainfall process had little influence on this
horizon. Therefore, the data of this horizon are not employed
in calculating the response amplitudes and times of rainfall.
Taking into account the different vegetation types, the average
reduction in the CO2 concentration at CR, AC, SG, and SF
was 1350, 912, 428, and 155 ppm, respectively. The response
time of CR and AC was approximately 150 min, whereas that
of SG and SF with the restoration of vegetation, the soil profile
of SG and SF was approximately 45 min.

5. DISCUSSION
During the observation period, the soil CO2 concentration
displayed a rapid decrease when rainfall occurred, followed by
a rapid recovery or a slight increase above the prerain level,
exhibiting a “V” shaped rapid response pattern. Previous
studies on soil CO2 concentrations indicated an increase in
CO2 concentrations from the surface to deep layers,15,37 while
some studies showed that CO2 concentrations initially
increased and then decreased from the surface to deep layers
over time.36,38 In previous studies, the concentration of soil
CO2 increased with an increase of depth generally. The
observed results in the karst area show that this law is not
strictly followed and may be related to the special lithology of
this area because the carbonate rocks are widely distributed in
this area and have discontinuous characteristics. Under the
influence of different moisture, temperature, and root

Table 2. Average Data of Soil CO2 Concentration, Temperature, and Moisture Content before, during, and after Rainfall

soil CO2
concentration ppma

temperature
°Ca

moisture
%a

soil CO2
concentration ppmb

temperature
°Cb

moisture
%b

soil CO2
concentration ppmc

temperature
°Cc

moisture
%c

CR-10 cm 1132 22.3 16.0 1065 19.0 25.8 1241 17.7 25.1
CR-30 cm 2135 21.4 31.5 1482 21.3 34.3 1188 19.0 35.3
CR-50 cm 5164 20.4 33.9 4324 20.5 34.9 3027 19.4 36.0
CR-70 cm 2094 18.5 37.3 1738 19.0 37.4 1532 18.8 37.6
AC-10 cm 1364 22.0 31.1 1925 16.6 35.0 836 17.8 35.0
AC-30 cm 748 20.8 51.0 875 18.6 54.4 806 18.5 50.2
AC-50 cm 991 19.4 76.3 1077 18.5 86.5 1055 18.7 83.4
AC-70 cm 3266 17.5 63.8 2003 17.3 78.0 2075 17.7 72.0
SG-10 cm 960 20.5 34.4 808 17.5 40.4 848 17.4 36.0
SG-30 cm 667 19.6 63.8 748 18.7 67.6 694 18.0 62.1
SG-50 cm 3348 18.6 62.3 3324 17.3 83.1 2783 18.1 65.0
SG-70 cm 731 17.9 53.3 762 17.3 64.8 690 17.9 59.5
SF-10 cm 1004 18.4 38.5 990 16.7 49.1 1205 16.1 34.0
SF-30 cm 2739 19.2 17.2 2288 18.4 37.2 2700 17.2 35.9
SF-50 cm 719 17.0 38.9 732 17.0 42.4 734 16.5 41.0
SF-70 cm 4519 16.2 26.5 4844 16.4 26.2 4901 16.3 27.0

aRepresents data obtained prior to rainfall. bRepresents rainfall data. cRepresents data after rainfall.
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respiration, there will be an imbalance between the production
and consumption of soil CO2 at the same depth, resulting in

great differences in the soil CO2 concentration at different
depths. The CR soil profile exhibited an increasing trend of the

Figure 3. Dynamics in CO2, soil temperature, and soil moisture content at different depths of CR, AC, SG, and SF profiles during rainfall.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00169
ACS Earth Space Chem. 2023, 7, 2062−2072

2066

https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


CO2 concentration from the surface layer to a depth of 50 cm
and then a decrease. This study initially explored the changes
in soil CO2 concentration under rainfall in different stages of
vegetation restoration and the effects of the soil temperature
and humidity on the dynamics of CO2.

5.1. Effects of Vegetation Recovery on Soil CO2
Changes. The relationship between the soil CO2 concen-
tration and temperature and moisture content was plotted
before and after rainfall (Figures 4 and 6). Overall, the average
soil CO2 concentration before rainfall was higher than that
after rainfall. At the four observed points, only the soil CO2
concentration under SF was higher after rainfall than that
before rainfall, which may be caused by the developed root
system inherent to the forest. In addition, among the soil under
the four vegetation use types, the soil with the least
anthropogenic disturbance had a lower level of CO2 reduction
during rainfall. The process of soil conversion from CR to SF
or SG was conducive to C fixation and thus reduced C loss.30

At a depth of 10 cm in the CR, the CO2 concentration after
rain (1241 ppm) was higher than that before rainfall (1132
ppm), which may be due to the respiration restriction of roots
and microorganisms by the low soil moisture content of 16.0%
prior to the rain. The average moisture content increased from
16.0% before rain to 25.1% after rainfall, which meant that the
soil moisture content was no longer a limiting factor, thus
leading to an increase in the CO2 concentration. Below 10 cm
of the CR soil, the CO2 concentration after rainfall was lower
than that before rain. A possible reason is that the increase in

the moisture content caused the water−rock reaction, which
then consumed CO2 in the soil. On the other hand, the root
system of CR soil was shallow, and the CO2 generation rate of
the soil at a deep depth was low, so it was difficult to effectively
supplement CO2. At depths of 30 and 50 cm in the AC, the
CO2 concentration after rainfall was slightly higher than that
before rainfall, although the difference was not significant. The
reason for the increase after rain may be that pear trees in the
AC have deeper root systems, which are conducive to
respiration. At 10 and 70 cm, the concentration of CO2
decreased after rain. As shallow soil was close to the surface
in the AC, the addition of water during rain caused CO2 to
enter the atmosphere or move downward into the deep soil.
The 70 cm position of the AC was the soil−rock interface,
where lateral migration of the soil solution could occur.39

Furthermore, sufficient water−rock reactions could occur at
this horizon, resulting in a large amount of CO2 con-
sumption.36,40

The changes in the soil CO2 concentration in SF were
significantly different from those in other vegetation utilization
types. Only at a depth of 30 cm was the CO2 concentration
before rainfall at 2739 ppm greater than that after rainfall
(2700 ppm), with a range rate of <5%, this may be related to
the effect of the water content on the microbial activity level.41

In previous studies, it was found that better vegetation
restoration could contribute to a higher soil organic C
content,30 which can effectively buffer the C dynamics caused
by rainfall. In this study, the diurnal variation of soil CO2

Figure 4. Changes in soil CO2 and temperature before, during, and after rainfall under different land uses and the influence of the moisture content
at different times (θ1, θ2, and θ3 represent the average soil moisture content before, during, and after rainfall, respectively).
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before and after rainfall decreased with restoration of
vegetation (Table 2). After rainfall, with the restoration of
vegetation, the resilience of the soil CO2 concentration is
strengthened. According to the data of Table 2, it is found that
the CR/AC/SG/SF of soil CO2 concentration after rain
reaches 66, 75, 88, and 106% of that before rainfall,
respectively. This shows that with the restoration of vegetation,
the root system of vegetation is gradually developed, which is
conducive to accelerating the production of CO2 to supple-
ment the loss of CO2 during rainfall. In addition, during
rainfall, the decrease in the CO2 concentration decreases with
the restoration of vegetation. Although this result may be
affected by other factors, according to the observed results, the
difference in vegetation cover significantly affects the diurnal
variation of soil CO2 concentration and the performance of the
soil CO2 concentration in the process of rainfall. From the
topographic position, SG and SF are close to the top of the
slope, and AC and CR are close to the bottom of the valley.
The closer the soil is to the outlet of the watershed at the valley
bottom, the longer it takes for the soil solution to gather
(Figure 1), resulting in a more effective water−rock reaction
and a consequent increase in soil CO2 consumption.
Therefore, soil located at the SF with a high organic matter
content has the lowest reduction in soil CO2 during rainfall. In
addition, related studies have shown that photosynthesis and
soil respiration can be delayed and that a part of soil CO2
comes from canopy C supply to soil respiration.42

5.2. Impact of Soil Temperature on Soil CO2
Variability. Soil temperature is one of the main factors
affecting soil CO2 concentration,15,43 which is directly related
to the decomposition rate of organic matter and the microbial
activity in the soil. Before rainfall, the diurnal variation in soil

temperature at the 50 cm and above layers is obvious. After
rainfall, the soil temperature in other layers decreased
continuously in the following days, except for the surface
layer (Figure 3). This change is similar to the concentration of
soil CO2, which decreased continuously after rainfall (Figure
4). Therefore, with the decrease in the diurnal temperature
difference of soil temperature after rain, the diurnal variation
range of soil CO2 concentration was also remarkably reduced.
The changes in the soil temperature and the CO2
concentration were not simultaneous (Figure 5). Moreover,
there were certain differences between each layer. The surface
temperature and CO2 concentration reach their maximum
values on the day before the deep layers. The degree of
hysteresis of soil temperature and CO2 concentration was
related to other environmental factors, such as soil moisture
(Figure 4). In the rainfall event, the soil temperature is
positively related to the CO2 concentration. When rainfall
occurred, both the soil temperature and CO2 concentrations
decreased synchronously throughout different depths and
profiles. Previous studies exhibited a positive correlation
between soil temperature and CO2 concentration;44,45

However, inconsistent results were observed in this study,
which may be due to the interference of the rainfall process.
Figure 5 shows the large difference between the soil CO2
concentration and temperature in the 10 cm soil surface layer
of the CR when the daily maximum CO2 concentration was
observed and the soil temperature reached the daily maximum
in the following afternoon (average moisture during this period
θ = 38.7%).

After the lowest value reached in the afternoon, the
concentration of CO2 began to rise and reached the highest
value the next morning. The soil temperature at the surface

Figure 5. Difference between the soil CO2 concentration and soil temperature over time. The figure in the lower left corner is the correlation
expression of the relationship between soil CO2 concentration and soil temperature (the average soil moisture content during the period was θ =
38.7).
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was primarily affected by meteorological factors and usually
reached the highest values in the afternoon. The change in the
CO2 concentration is affected by many factors.15,46,47 There is
a hysteresis between soil temperature and CO2 concentration,
which arises from soil moisture.48,49 On May 3 and 4, the
average daily moisture contents were 39.0 and 38.5%,
respectively. The hysteresis time between the temperature
and the CO2 concentration also differed. The hysteresis time
was 5 h 15 min on May 3 and 9 h 15 min on May 4. The
difference in the soil moisture content in those 2 days was only
0.5%, but the lag time between temperature and CO2
concentration was approximately double. The difference in
the soil moisture content may be one reason for the lag
between the temperature and the CO2 concentration. Due to
the lag time between them, there was a negative correlation
between the CO2 concentration and temperature (Figure 5),
but other factors may also contribute to the change in soil
CO2, such as soil texture and plant roots. Root exudates can
decompose organic matter, thereby modifying the concen-
tration of soil CO2.50

5.3. Effects of the Moisture Content on Soil CO2.
Generally, the soil moisture content will not reach the soil
biological wilting point or exceed the field water holding
capacity. The small fluctuations in the soil moisture content
will not significantly impact the soil CO2 concentration.51,52

However, rainfall causes a large variation in the soil moisture
content, which ultimately leads to significant changes in the
soil CO2 concentration. During the observation period, the soil

moisture content changed significantly, especially during the
rainfall period, and the soil moisture increased rapidly in a
short time (Figure 6). However, the increase in the soil
moisture content varies with different depths, and this
difference may be related to the soil permeability coefficient
or rainfall.53 Porosity is one of the factors affecting the soil
permeability coefficient. Overall, with the restoration of
vegetation, the porosity increases gradually (Table 1), which
is beneficial to the infiltration and migration of water.
According to the experimental results, there is no significant
difference in the change time of the soil moisture content
during rainfall, which may be due to the development of
extensive cracks in this area, resulting in rapid infiltration of
water and reducing the influence of the soil permeability
coefficient. Under the influence of rainfall, the soil moisture
increased gradually, and soil pores were gradually filled with
soil water, reducing the diffusion rate of CO2 to the
atmosphere.

In addition, rainfall can promote microbial activities and
strongly stimulate the production of soil CO2, leading to an
increase in the soil CO2 concentration, which is called the
“stimulation effect”.46,55 Previous studies indicated that organic
matter and microorganisms can affect the stimulation effect,
increasing the release of CO2 during rainfall.56 Especially in
arid and semiarid regions, the lower water content has limited
impacts on microorganism activities. When it rains, the soil
water content increases sharply, leading to the rapid utilization
of available organic matter preserved in arid environments by

Figure 6. Changes in soil CO2 and moisture content before, during, and after rainfall under different land uses and the influence of temperature at
different times (T1, T2, and T3 represent the average soil temperature content before, during, and after rainfall, respectively).

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00169
ACS Earth Space Chem. 2023, 7, 2062−2072

2069

https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00169?fig=fig6&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


microorganisms.57 However, in this study, the CO2 concen-
tration in most layers showed a significant downward trend
when there was a concentrated rainfall (Figure 3). This is likely
due to the liveable environments for the survival of
microorganisms under such warm and moist environments,
and the activities of microorganisms are more active. However,
when it rains, microorganisms do not respond quickly to
sudden increases in soil water. Another reason is possibly
related to the equilibrium process of HCO3

−, CO3
2−, and CO2

in soil water.58 Due to the large porosity and alkalescence of
calcareous soil, a large amount of CO2 is dissolved after
rainwater enters the soil pores, which then reacts with
carbonate minerals in the soil. As a result, the main form of
inorganic C in the water body is HCO3

−, the concentration of
free CO2 is low, and this chemical process could reduce the
concentration of soil CO2.59 When rainfall stops, soil water
infiltrates rapidly; soil pores are filled with CO2 gas again, and
the CO2 concentration gradually returns to normal. The
downward migration of soil water may cause “pressure” on the
soil gas and cause the downward migration of soil gas. As
mentioned above, the soil CO2 concentration increases with
increasing depth; therefore, downward migration will reduce
the gas concentration in the corresponding layer. Due to the
loose structure, with the cessation of rainfall, the downward
migration of soil water gradually disappears, and the upward
diffusion process of soil air resumes. Because of the shallow
soil, there is a transition layer with strong water and gas
conductivity between limestone soil and its underlying rocks,
and it may also be a channel for soil air diffusion.39 In addition,
the soil moisture increased, and the soil porosity decreased
during rainfall. In the case of high moisture, there is an
anaerobic environment that is not conducive to the occurrence
of soil rhizosphere and microbial respiration,47,60,61 which may
be related to the rapid decrease in the CO2 concentration in
the soil profile during rainfall. Only at a few points did the
concentration of soil CO2 increase, after which it began to
decrease, which may be because the sudden increase in
moisture stimulated the short-term cycle of soil C. The short-
term rapid increase in CO2 was perhaps caused by the
mineralization of organic matter.55

When rainfall occurs, the concentration of CO2 in the soil
profile suddenly decreases, accompanied by a rapid increase in
the moisture content (Figure 3). After a sudden increase in
moisture, the CO2 concentration would decrease rapidly in a
short time, implying that the rapid reduction in CO2 is related
to soil moisture. In the SG profile, the CO2 concentration
before rain was higher than that after rain, except at a depth of
30 cm. At a depth of 30 cm, this performance may be related to
the change in soil moisture contents, which were 63.8% before
the rain and 62.1% after the rain. This may imply that the high
moisture content may inhibit soil respiration,62,63 and the
moisture contents of other layers after rain were higher than
those before rain. Previous results of soil CO2 concentrations
and water bodies in this watershed have shown that soil CO2
decreased rapidly during rainfall, accompanied by a response to
the partial pressure of CO2 in the water bodies at the outlet of
the watershed. It was found that both soil CO2 and rainfall are
the main forces driving the epikarst hydrochemical varia-
tions.64 In such a small watershed, the water flow velocity of
the underground water outlet was highly sensitive to rainfall
and increased quickly.65,66 Then, the soil solution can quickly
enter the river system.67 In karst areas, the development of
pores, especially larger ones, may be able to form a coherent

system with groundwater within a short time. In this
watershed, the river system was well studied during rainfall,68

and it was found that the flow and DIC increased rapidly after
rainfall, which may be related to the water−rock reaction in the
soil system and the rapid decrease in the CO2 concentration
during the rainfall period. However, due to the lack of
observation parameters, the specific process cannot be
discussed in depth. Unquestionably, in addition to affecting
the diffusion rate of soil gas, soil water may also cause
dynamics in soil CO2 due to chemical processes. Thus, in this
area, the soil moisture content may play a critical role in the
CO2 dynamics of calcareous soil.

6. CONCLUSIONS
In this study, high-frequency observations of soil CO2
concentration, temperature, and moisture under rainfall
conditions were conducted in soil profiles at different
vegetation restoration stages in karst watersheds using online
monitoring equipment.

The soil CO2 concentration showed a bidirectional gradient
from top to bottom along the profile; SF and AC had higher
CO2 concentrations, while SG and AC had relatively lower
CO2 concentrations. The soil CO2 concentration dropped
rapidly during rainfall, its amplitude decreased gradually, and
the response time decreased greatly with the restoration of
vegetation, indicating that the stability of the soil C pool could
be improved under the condition of returning farmland to
grasslands and forests. The diurnal variation in the CO2
concentration in several soil profiles obviously changed before
and after rainfall. The diurnal variation decreased after rainfall,
and the diurnal difference of the four soil profiles decreased.
The increasing soil moisture resulted in an increase in the
consumption of CO2 in the soil directly, and high soil moisture
decreased the diurnal variation in the soil temperature, which
could indirectly weaken the intensity of temperature-related
biological processes.

Our study shows that with the restoration of vegetation, the
land has a higher capacity for C sequestration, indicating that
vegetation restoration could be a significant strategy for the
implementation of solid C neutralization. Simultaneously, our
research also highlights the necessity of conducting high-
frequency in situ observations of special events to further
reveal the dynamics of soil C under frequent extreme weather
conditions in the future.
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