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A B S T R A C T

Extensive areas of agricultural land have been abandoned to ecological restoration in recent years in the karst
region of Southwest China, which contributes to the greening of the area. However, there has yet no direct
observation of carbon, water, and energy fluxes on abandoned land in the region. In addition, because of the
coupling between above and below-ground processes, monitoring of the karst ecosystem needs to be conducted
from a critical zone perspective. In this study, an integrated vertical observation system through air-vegetation-
soil-cave continuums was constructed on abandoned farmland under natural restoration in Puding Karst
Ecosystem Research Station. Preliminary results show that: First, vegetation cover restored rapidly after aban-
donment, and the measured net ecosystem exchange (NEE), soil CO2 efflux, actual evapotranspiration (ETa) and
latent heat (LE) in the rainy season are about twice of that in the dry season, this strong seasonal variation relates
to the typical subtropical monsoon climate with synchronous water and heat availability during rainy season.
Second, high CO2 concentrations and significant CO2 variation in the monitored cave indicate that the exchange
of underground carbon pools with the atmosphere cannot be neglected in the carbon budget of the study site.

1. Introduction

Agricultural expansion and intensification have caused land de-
gradation, loss of biodiversity, and reduction of ecosystem service
worldwide (Barral et al., 2015). In the karst region of Southwest China,
because of its fragile nature and intensive land use, serious land de-
gradation in the form of karst rocky desertification at a rate of 25,000
km2 yr−1 once prevailed in the area (Cao et al., 2015; Jiang et al., 2014;
Wang et al., 2004). With the transition of china’s environmental man-
agement (He et al., 2012), a number of ecological projects have been
implemented since the late 1990s to overcome the ecological de-
gradation, such as the Natural Forest Protection Project, the Grain to
Green Program (Sloping Land Conversion Program), and the Karst
Rocky Desertification Comprehensive Control and Restoration Project
(Qi et al., 2013; Tong et al., 2017; Xu et al., 2006). As a result, satellite
time series data shows a widespread increase in leaf area index and
aboveground biomass in the karst regions of southwest China (Brandt
et al., 2018; Tong et al., 2018). Also, the subtropical forest in the East
Asian monsoon region has one of the highest carbon uptakes of forests

worldwide, and the primary reason may be the young stand ages and
high nitrogen deposition, coupled with sufficient and synchronous
water and heat availability (Yu et al., 2014). So the conversion of
cropland to forest could significantly enhance carbon sequestration in
Southwest China (Wang et al., 2017b). But to our knowledge, there has
yet no direct observation of carbon uptake capacity on abandoned
farmland at the early stage of natural restoration in the region.

Also, carbon cycle in karst ecosystem is complex compared to other
terrestrial ecosystems, rough topography, discontinuous soil distribu-
tion, developed underground space, dissoluble carbonate rock, and
adaptable plants led to a great challenge in quantifying carbon balance
at ecosystem scale (Jiang et al., 2013; Song et al., 2017; Wang et al.,
2017a). For example, FLUXNET is a global network of hundreds of
micrometeorological flux measurements sites that measure the ex-
changes of carbon dioxide, water vapor, and energy between the bio-
sphere and atmosphere greatly advanced our understanding of various
terrestrial ecosystem in terms of ecosystem photosynthesis, ecosystem
respiration and NEE (Baldocchi, 2008; Baldocchi et al., 2001; Oliphant,
2012), but the eddy covariance data of net CO2 fluxes over karstic
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substrates sometimes was unusual in a biological context (Barraquer-
Bordas et al., 2010; Kowalski et al., 2008; López-Ballesteros et al., 2017;
Sanchez-Cañete et al., 2011). CO2 dynamics within the karst ecosystem
may be controlled by a number of processes that traditionally been
neglected. Studies show that abiotic processes such as weathering and
subterranean cave ventilation could contribute to the carbon budget on
short times scales. For example, carbonate mineral weathering coupled
with aquatic photosynthesis alone in the world karst region represents
about 30 % of the terrestrial carbon sink (Liu et al., 2010, 2018). The
underground space is fully developed in the karst region and the sub-
terranean CO2 concentration is much higher than the atmospheric
background, which forms the secondary carbon pool (Benavente et al.,
2010). This pool becomes a source of atmospheric CO2 during the
process of ventilation (Benavente et al., 2015; James et al., 2015; Lang
et al., 2017). Essentially, the sources of this carbon pool come from the
downward diffusion of soil respiration and the decay of infiltrated or-
ganic matter inside the vadose zone (Baldini et al., 2006; Sanchez-
Moral et al., 2010). A first approximation estimates that the sub-
terranean CO2 pool and its potential ventilation could represent more
than half of the total annual atmospheric sink (Serrano-Ortiz et al.,
2010).

While in situ research and measurements have revealed much about
the various physical, biological and chemical processes in each part of
the karst ecosystem, there is a lack of tools to directly observe the
functions of the karst ecosystem in a systematic approach. Here, based
on the theory of critical zone science (Anderson et al., 2008; Covington,
2016; Guo and Lin, 2016; White et al., 2015), an observation system
coupled with aboveground and belowground processes concurrently,
using eddy covariance, automatic gas flux chamber and CO2 profile to
quantify interactions in the atmosphere-plant-soil-cave continuums was
built. This integrated monitor platform is aimed at the long term and
continues in situ observation of carbon, water, and energy fluxes on
abandoned farmland at the early stage of natural restoration. To our
knowledge, no comparable studies have been conducted before in the
region. Our aims are: Firstly, investigate the magnitude and the sea-
sonal characteristics and dynamics of carbon, water, and energy fluxes
at the early stage of natural restoration. Secondly, investigate the in-
teractions of carbon flux between the atmosphere and plant-soil-cave
continuums from a vertical scale, namely from the perspective of the
critical zone.

2. Materials and methods

2.1. Site description

The study site (26.36 °N, 105.76 °E, 1170 m.a.s.l) is located in
Puding Karst Ecosystem Research Station in Puding County, Guizhou
Province, Southwest China (Fig. 1). The region experiences a typical
subtropical monsoon climate, with a mean annual temperature of
15.1℃ and a mean annual precipitation of 1,367 mm (Liu et al., 2016b).
The dominant geology in the area is the limestone of the Guanling
Formation of the Middle Triassic (Zeng et al., 2016). The abandoned
farmland (More than ca. 50 years cultivation of corn and rapeseed)
under natural restoration was established in 2010 and vegetation re-
covered rapidly since (Fig. 2). The vegetation is mainly tree-shrub-grass
mosaic. Trees occupy approximately 22 % (mainly Pear, Plum, Hack-
berry, Aspen, Chinese toon and Catalpa), shrub occupies approximately
44 % (mainly Rubus coreanus, Pyracantha, Coriaria sinica maxim and
Broussoneti ppeyrifer), and grass occupies approximately 8 % (mainly
Cogon), respectively. The canopy height is uneven, with a single tree
height ranges from 4 to 10 m, with shrub ranges from 1 to 2 m and grass
less than 1 m. The soil type is limestone soil (Rendzina, in FAO soil
taxonomy classifications) according to Chinese soil general classifica-
tion. Soil depth is very uneven ranging from 0 m (rocky outcrops) to
several meters in soil pockets between rocks. The percentage of soil
organic matter in the topsoil (0−20 cm) is about 2.8 %, the total

nitrogen is about 3.2 g kg−1. The topography is rolling, which shows a
relative altitude difference within 10 m. The rocky outcrop is ap-
proximately 40 % of the ground surface. There is a natural cave located
in the center of the study site (Fig. 2). The accessible passage of the cave
is about 10 m deep and 30 m long, and the cave entrance above the
cave passage is 0.5 m2 (Wang et al., 2019).

2.2. Measurement system

Critical zone refers to the zone from the upper vegetative canopy
through groundwater which acts as a distinct co-evolving entity driven
by physical, chemical, and biological processes (Brantley et al., 2017).
Here, the karst critical zone includes boundary layer atmosphere,
above-ground vegetation, surface soil, subsurface cave, and limestone
bedrock (Fig. 3a). Carbon, water, and energy exchanges through each
part of the karst critical zone. We select three key interfaces to study the
characteristics of carbon exchange in the karst critical zone, includes
the canopy-atmosphere interface, the soil-atmosphere interface, and the
cave-atmosphere interface. Turbulent, diffusion and advection are the
main exchange mechanisms between canopy and atmosphere, soil and
atmosphere, cave and atmosphere, respectively (Fig. 3b).

For the first interface, the eddy covariance technique was used and a
flux tower was installed at the southwest corner of the field (Fig. 2)
considering the main wind direction is northeast. An open-path eddy
covariance system consists of an open path infrared gas (CO2 and H2O)
analyzer (IRGA) (LI-7500A, Li-Cor, Lincoln, NE, USA) and a sonic an-
emometer (Gill Windmaster Pro, Gill) was installed at 12.6 m on the
flux tower. The LI-7500A was pointed toward the north at an angle of
20° to minimize solar radiation influence and to facilitate the shedding
of water droplets from sensor lenses after rain events. Data from the
sonic anemometer and the open path infrared gas analyzer were re-
corded at a frequency of 10 Hz using a data logger (LI-7550, Li-Cor,
Lincoln, NE, USA). For the second interface, we used the LI-8100A
Automated Soil CO2 Flux System (Li-Cor, Lincoln, NE, USA) with eight
long-term monitoring chambers (8100-104). Eight PVC soil collars
(inner diameter 20.3 cm) were installed on the soil surface permanently
and soil CO2 efflux was measured every two-hours continuously. Small
living plants in the soil collars were removed by hand regularly. Soil
temperature (8150-203 probe) and soil moisture (Theta Probe ML2x)
near chambers were also recorded at a depth of 5 cm of topsoil si-
multaneously. For the third interface, we used CO2 Carbon Isotope
Analyzer (CCIA-912-0003, LGR) to monitor CO2 concentrations at dif-
ferent locations half-hourly throughout the cave system, including gas
inlets inside cave passage, at cave entrance, at below 1 m and above 1
m of cave entrance, atmosphere air at 4 m, and soil air above the cave
roof. Additionally, meteorological parameters were measured from a
standard weather station (AMS) 100 m away from the flux tower
(Fig. 2).

2.3. Data process and quality control

Turbulent fluxes of CO2, H2O, and energy between ecosystem and
atmosphere were computed every half-hourly with the Eddypro soft-
ware (6.1.0) (Biosciences, 2017; Fratini and Mauder, 2014). Main
processing options including statistical analysis to screen spikes, in-
sufficient amplitude resolution, drop-outs, values exceed absolute
limits, skewness and kurtosis, discontinuities, time lags, angle of attack,
and steadiness of horizontal wind (Vickers and Mahrt, 1997), block
averaging, double-axis rotation for tilt correction, spectral correction,
density fluctuations compensation, and quality check (Foken et al.,
2004). Fluxes in Flag 2 and the out-of-range values were discarded. Gap
filling and UStar-filtering were applied to the rest flux data using an
online procedure that was recommended by FLUXNET and used as a
standard by EUROFLUX and maintained by the Max Planck Institute
(Papale et al., 2006; Reichstein et al., 2005; Wutzler et al., 2018). Daily
and yearly sums of NEE, ETa, LE, and H were calculated using gap-filled
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data, where negative values indicate the net exchange from the atmo-
sphere to the underneath ecosystem.

The soil CO2 efflux was calculated using formulas as expressed
below (Peng et al., 2015):

=
−
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Where Fc is soil CO2 efflux (μmol m−2 s-1). V is volume. P0 is initial
pressure. W0 is initial water vapor mole fraction. S is soil surface area.
T0 is initial air temperature. R is gas constant. ∂ ∂

′C t/ is water-corrected
initial chamber CO2 mole fraction change rate. The initial change rate

Fig. 1. Location of the study site.

Fig. 2. Views of land cover change and equipment distribution in the study site.
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was derived from exponential regression of CO2 concentration change
inside chamber. Only the results with a coefficient of determination
larger than 0.99 were used. The missing data was gap filled with

exponential model (Raich and Potter, 1995). Because of the spatial
variability of chamber measurements, we choose the one which gave
the median result to better represent the average soil CO2 efflux level in

Fig. 3. a Schematic profile of karst critical zone. b Design of the integrated observation system.
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this study.
The CO2 Carbon Isotope Analyzer (CCIA-912-0003, LGR) measures

CO2 concentration from 380 ppm to 25,000 ppm at 1 HZ. It measures
120 s for each gas inlet cyclically and only the last 90 s were averaged
as the final result. The analyzer was internal calibrated using one
commercial reference gas (CO2: 395 ppm, Ar: 1.01 %, O2:21.6 %, the
rest is N2) weekly. The accuracy of CO2 concentration measured was
checked before and after each calibration using three reference gases
(CO2 concentration of 395 ppm, 7002 ppm, and 13,985 ppm). Because
the relative errors were always within 1 %, so no external calibration
was applied.

3. Results

3.1. CO2 fluxes and concentration pattern through karst critical zone

For the observation period of 2017, the measured daily NEE
changed seasonally and was generally negative which indicates overall
net uptake of atmospheric CO2 by the underlying ecosystem (Fig. 4).
Average daily NEE was −1.5 g C m−2 d−1 and the annual sum was
−559 g C m−2 with 73 % contributed from rainy season (May to Oc-
tober). The measured daily soil CO2 efflux changed seasonally and was
always positive which indicated net emission of CO2 by soil surface
(Fig. 4). The average daily soil CO2 efflux was 2.7 g C m−2 d−1 and the
annual sum was 979 g C m−2 d−1 with 72 % contributed from rainy
season. Variations of daily NEE and soil CO2 efflux generally followed

Fig. 4. Daily NEE, soil CO2 flux, soil CO2, cave CO2, PAR, and soil temperature changes.
Black lines refer to parameters on the left axis and gray lines refer to parameters on the right axis.

Fig. 5. Daily precipitation, SWC, ETa, and drip rate changes.
Black lines refer to the parameters on the left axis and brown line refers to SWC.
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the pattern of photosynthetically active radiation (PAR) and soil tem-
perature changes, respectively (Fig. 4). Soil temperature alone can ex-
plain 90 % of soil CO2 efflux variability through exponential function
while PAR can only explain 44 % of NEE variability through linear
function. Annual PAR was 5441 mol m-2 with 74 % contributed from
rainy season. Annual average daily soil temperature was 15.6 ℃, while
during rainy season the average daily soil temperature was 20.3 ℃.
Both soil and cave CO2 concentrations were orders of magnitude higher
than atmospheric background and showed substantial seasonal fluc-
tuation (Fig. 4). Soil CO2 changed between 873 to 9573 ppm while cave
CO2 changed between 972 to 19,814 ppm. Peak cave CO2 lagged soil
CO2 by approx. 3 months (Fig. 4).

3.2. Water flux through karst critical zone

For the observation period of 2017, the annual precipitation was
1166 mm and 87 % was from rainy season (Fig. 5). The measured actual
evapotranspiration (ETa) changed seasonally and the annual sum was
610 mm with 74 % from rainy season (Fig. 5). The calculated annual
potential evapotranspiration (ET0) was 739 mm and rainy season alone
occupies 67 % (Gao et al., 2016). Annual ETa was 52 % of precipitation
and 83 % of ET0, while during rainy season were 44 % and 91 %, re-
spectively. Overall, ETa was less than ET0 and ET0 was far less than
precipitation. This apparent contradiction may be caused by drought
because of the fast infiltration and thin nature of karst soil, which can
be evidenced by soil water content (SWC) and drip rate changes
(Fig. 5). Daily average SWC showed fluctuation between 0.15 and 0.48
m3 m−3 frequently (Fig. 6). Drip rate on the cave floor changed with
precipitation occurrence and the magnitude during rainy season was
two orders of magnitude higher than during dry season (Fig. 5).

3.3. Energy flux through karst critical zone

For the observation period of 2017, the daily net radiation (Rn)
showed periodic variations and was positive in most situations (Fig. 6).
The annual sum of daily Rn was 2016 MJ m−2 with 72 % from rainy
season. The daily latent heat flux (LE) showed seasonal variations and
was always positive (Fig. 6). The annual sum of daily LE was 1465 MJ
m-2 with 74 % from rainy season. The daily sensible heat flux (H)

showed less seasonal variations and was positive in most situations
(Fig. 6). The annual sum of daily H was 655 MJ m-2 with 58 % from
rainy season. The daily soil heat flux (Ht) showed opposite seasonal
changes (Fig. 6). The annual sum of daily Ht was 101 MJ m−2 with 145
% from rainy season. Annual LE was more than twice of H which in-
dicated that LE was the main part of energy consumption. The ratio
between available energy (Rn-Ht) and estimated energy (LE+H) was
about 1.1 which indicated an overall energy balance considering un-
certainty caused by different measurement footprint representativeness.

4. Discussion

Ensuring grain security and mitigating climate change are priority
in China. Study shows that if all cropland on slopes above 25° under
high erosion is converted to forest or grassland, grain production will
only decrease by 0.91 %, and this will not damage grain security in
China (Lu et al., 2013). On the other hand, the converted areas from
croplands to forests under the program could make a considerable
contribution to China’s carbon sink (Liu et al., 2014; Lu et al., 2018).
Expanding croplands always comes at the cost of reduced carbon stocks
in natural vegetation and soils (West et al., 2010). On the contrary,
cropland abandonment and the following restoration can enhance
various ecosystem services, including carbon stock capacity. During a
succession, carbon accumulates as living woody biomass, as soil organic
matter (SOC) or both. Field survey by “space for time” approach in
Maolan karst ecosystem shows that vegetation especially the compo-
nent of woody plants has the greatest influence on ecosystem carbon
stocks during the recovery progress of karst forests, and the maximum
carbon sequestration rate of Maolan karst forest ecosystems during
natural restoration process is about 234 g C m−2 a−1, and vegetation
biomass carbon accumulation contributes 82 % of the total ecosystem
carbon sequestration rate (Huang et al., 2015) (Fig. 7). Aboveground
vegetation carbon increase in the early stage of succession mainly re-
sults from high recruitment of woody plants, while carbon accumula-
tions in the later forests were mainly due to tree growth (Liu et al.,
2016a). Study in Mediterranean region shows that invasion of woody
plant species after abandonment of marginal agricultural land could
significantly change carbon balance, and shifting annual NEE form
source to an evident sink (Ferlan et al., 2011). Another study shows that

Fig. 6. Daily net radiation (Rn), latent heat (LE), sensible heat (H), and soil heat flux (Ht) changes.
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the agricultural abandonment and the following succession in the karst
region are likely accompanied by rapid SOC accumulation with an
average rate of 138 g C m−2 a-1 (Yang et al., 2016) (Fig. 7). And the
rapidly recovered soil macro-aggregates after agricultural abandon-
ment control the recuperation of SOC storage because most SOC is se-
questrated by macro-aggregates (Liu et al., 2020).

The significant seasonal variability of carbon, water, and energy
fluxes captured by flux tower measurement could be related to typical
subtropical monsoon climate with synchronous water and heat avail-
ability during rainy season. And this seasonal variation pattern was
different from similar studies in a Mediterranean climate (Ferlan et al.,
2011, 2016). Although it is very difficult to judge the validity of eddy
covariance measurements in open-canopy ecosystems by testing the
energy budget closure for the possible large uncertainties in the esti-
mation of the available energy (Anthoni et al., 1999). Acceptable
agreement between energy fluxes measured by flux tower and available
energy which is in the typical range for micrometeorological mea-
surements is encouraging (Fig. 7). Combined with approximating ET0

using ETa, indicated that the results from flux tower measurements
were reliable. However, the result of measured NEE is relatively too
high to be explained by biological common sense alone. The average
net ecosystem productivity of east Asian monsoon subtropical forests is
361±39 g C m−2 a−1 (Yu et al., 2014), and the maximum potential
carbon fluxes based on climate geographical statistical assessment is
554 g C m−2 a−1 for the study area (Zhu et al., 2014). For the mon-
itored ecosystem is at its’ seventh year of restoration, so its’ NEE should
not be higher (Besnard et al., 2018). Except for potential above-ground
biomass increase and SOC change, we put forward the hypothesis that
the overestimated NEE may be related to the below-ground carbonate
weathering process and ventilation process of underground space. The
carbon sink related to carbonate weathering is normally between 10–20
g C m−2 a−1 (Yan et al., 2011; Zeng et al., 2017) which is too small to
account for the overestimated NEE (Fig. 7). So the ventilation process

may be the main reason, force the ecosystem to carbon balance, and we
get the magnitude of ventilation exchange should be at least 208 g C
m−2 a−1 (Fig. 7), which is at the same order of magnitude as soil CO2

efflux. Although subterranean space such as porosity, fractures, caves,
and conduits usually occupy a small fraction of the rock volume, the
fact that their hydraulic conductivity is much higher than that of sur-
rounding rock gives them a crucial role in determining the flow di-
rection, which is true to airflow too, combined with two orders of
magnitude high of CO2 concentration, makes sub-ground space an un-
ique temporary pool and passage for mass flow (Fig. 7). For example,
for a temperate pasture overlying an accessible cave, afternoon CO2

emissions in summer are likewise inexplicable in a biological context,
and rapid decreases of underground CO2 molar fractions correlate well
with sizeable CO2 release to the atmosphere and should be accounted
for in surface CO2 exchange estimates (Kowalski et al., 2008; Sanchez-
Cañete et al., 2011). In semi-arid Mediterranean ecosystems, a sig-
nificant fraction of respired CO2 is stored in the vadose zone and
emitted afterward by subsoil ventilation, with subsoil ventilation con-
tribution 0–23 % of the measured annual NEE (Serrano-Ortiz et al.,
2014).

In conclusion, except efflux to the atmosphere through the soil
surface, part of soil respired CO2 can diffuse downward to underground
spaces such as caves and fissures to form a temporary pool and become
a point source to atmosphere later, the eddy covariance system cannot
fully capture this part of ecosystem respiration because of the limited
footprint, which will leads to the overestimated NEE in our study
(Fig. 7). Similarly, the flux observation based on chamber measure-
ments will underestimate the soil respiration in karst areas. In addition,
great attention should be paid to the spatial discontinuity of soil dis-
tribution to avoid the overestimation of regional soil carbon emission
(Fig. 7). These characteristics reflect the complexity and uniqueness of
carbon cycle process in karst ecosystem. Because of the heterogeneity
nature of karst ecosystem, a network of critical zone observatories is

Fig. 7. The budget of carbon, water, and en-
ergy fluxes through karst critical zone during
the 2017 period.
Δ refers change of carbon pool during succes-
sion. Rs in bracket is the measured soil CO2

flux at the measurement point, while Rs out-
side the bracket is the soil CO2 flux per unit
area considered rock outcrop in the field.
Ventilation magnitude in bracket is calculated
from the difference between measured NEE
and referenced potential changes of vegetation
and soil carbon pool and carbon sink capacity
related to carbonate weathering.

Y. Wang, et al. Agriculture, Ecosystems and Environment 292 (2020) 106821

7



needed to fully understand carbon cycle processes in karst landscape
and to evaluate the contribution of underground secondary carbon pool
to local and global carbon balance.

5. Conclusions

Our results demonstrate how in situ comprehensive observations
from the perspective of critical zone can provide a full display of
carbon, water, and energy exchange characteristics in the karst eco-
system. Although eddy covariance method itself has been successfully
applied in complex underlying surfaces, attention should be paid ac-
cording to local conditions when interpreting the results. Especially, the
influence of underground ventilation process cannot be ignored in karst
ecosystem. Abiotic processes together with biological processes con-
tribute to the annual Net Ecosystem Carbon Balance. Natural restora-
tion after farmland abandoned can contribute to mitigation aims by
recovery of aboveground vegetation and soil carbon pool as well as
enhancement of belowground process. The functions of karst critical
zone under coupled climate and land cover change need long-term
continuous observation.
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