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Abstract: In this study, the hydrochemistry-runoff method and remote sensing estimation method
were used to calculate the karst carbon sink flux (KCSF) and the forest vegetation carbon sequestration
flux (FVCSF) in Darongjiang (DR]) and Lingqu (LQ) watersheds. The results show the following:
(1) The KCSF in DRJ and LQ watersheds is 238.43 x 10° t-y ! and 353.44 x 10° t-y !, respectively.
Influenced by changes in flow rate, the two watersheds both show that their KCSF is higher in the
rainy season than in the dry season. (2) The FVCSF in DR] and LQ watersheds was 680.78 x 107 t-y_l
and 229.63 x 107 t'y_l, respectively. Through comparison, it can be seen that the FVCSF is much
higher than the KCSF in both watersheds, but the FVCSF and the KCSF are at the same order of
magnitude. (3) Through further analysis of the influence factors on the FVCSF and the KCSF, we
found that the highest values of FVCSF are mainly distributed around Kitten Mountain on the
upper reach and along the LQ watershed. That may be because most of the upper reach areas are
mountainous forestland, and the strong weathering of rocks in the LQ watershed promotes the
development of forest vegetation carbon sequestration. Therefore, it can be inferred that there is
a certain synergistic effect between the karst carbon sink (KCS) and the forest vegetation carbon
sequestration (FVCS) in the study area, and such a synergistic effect is caused by rock weathering.

Keywords: karst carbon sink flux (KCSF); forest vegetation carbon sequestration flux (FVCSF);
HCOs3~ concentration; flow rate; Darongjiang (DR]); Lingqu (LQ)

1. Introduction

Nowadays, global climate change is one of the scientific issues that attracts the most
attention. Due to the strategic needs of China, such as “carbon peaking” and “carbon
neutrality”, it has become a research hotspot to evaluate and explore the carbon sink
potential of terrestrial ecosystems [1]. Among many potential means, ecosystem carbon
sinks, especially vegetation system carbon sinks, have been recognized by many scholars [2].
To achieve “carbon peaking and neutrality”, we need to reduce emissions and enhance
terrestrial ecosystems’ carbon neutrality [3,4]. The carbon neutrality capability of a region
comes from two parts. i.e., rock weathering carbon sink and ecological carbon sink [5]. Rock
weathering carbon sinks mainly include carbonate and silicate weathering carbon sinks [6].
Carbonate rock reacts with CO, in water, creating karst landforms and dissolved inorganic
carbon, forming a carbon sink known as the “karst carbon sink” (KCS) [7]. Ecological
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carbon sink refers to the process, activity, or mechanism by which ecosystems remove
CO; from the atmosphere, and it is an important part of the carbon neutrality capacity
of terrestrial ecosystems [8]. Vegetation acts as a significant carbon pool in terrestrial
ecosystems by absorbing CO; from the atmosphere through photosynthesis and other
pathways. This natural function helps maintain atmospheric CO, balance and reduce
greenhouse gas emissions [9,10]. Since FVCS and KCS have strong potential to help China
reach carbon peaking and carbon neutrality goals, they have become hot topics in the field
of carbon cycle research [11,12].

Regarding the research on forest vegetation carbon sequestration (FVCS), researchers
mainly focus on the application of FVCS calculation methods [13-15]. With the increasing
value of forest carbon sinks, China has carried out a large number of practical activities and
theoretical research on afforestation-related projects [16-22]. Currently, the primary method for
studying vegetation carbon storage is by converting biomass into carbon storage [23-26]. The
key to this method lies in the calculation of biomass, which is then multiplied by the carbon
content coefficient to obtain carbon sequestration. Remote sensing-based estimation methods
are widely used for vegetation carbon storage due to their convenient data acquisition and
broad coverage. Li et al. [13] used the remote sensing estimation method to estimate the
FVCSF in state-owned forest farms in Shaanxi Province from 2000 to 2020. Compared to
vegetation carbon sinks, the instability of karst carbon sinks leaves them far from entering the
carbon market, but they have the potential to become one of the favored means of removing
carbon dioxide from the atmosphere [27]. In the early 1990s, Yuan Daoxian proposed the idea
of studying karst formation from the perspective of the interaction among the four major
spheres, which promoted the implementation of the project “Geology, Climate, Hydrology,
and Karst Formation” (1990-1994), created the theory of karst dynamics [28], and promoted
continuous research on KCS [29-32].

On the one hand, Chinese vegetation has enormous carbon sequestration potential [33].
With increasing attention to ecological protection, China’s forests are enhancing their carbon
sequestration capacity through afforestation. On the other hand, the southwestern region
of China is widely distributed with carbonate rocks. Therefore, in some regions, there
are conditions for both vegetation and karstification. During early KCS research, scholars
discovered a strong correlation between KCS and FVCS. Such research includes the studies
of typical karst springs in Mashan Nongla, Guangxi, and Jinfoshan, Chongging [34], the
2-year experimental study of Zhang et al. [35], who used standard dissolution specimens
taken from four land use types and different interfaces in the Yunnan Stone Forest Global
Geopark, and the study of Zhou et al. [36]. They all found that the progressive succession of
vegetation can greatly promote the progress of karstification, increase the dissolution rate
of carbonate rock, and increase KCSF. However, although previous studies have explored
the impact mechanisms of vegetation on the karst carbon sink in different land use types,
there is still a lack of in-depth coupled research on the interaction mechanisms between
KCS and FVCS.

China’s extensive karst distribution, covering one-third of its land area, with over
40% located in the southwestern region, indicates significant potential for KCS develop-
ment [29,37,38]. The source and destination of vegetation carbon in southwest karst areas
are unique, complicated, and different from those in non-karst areas [39,40]. To explore the
interaction between FVCS and KCS, we studied two small watersheds—DR] and LQ—chosen
for their consistent climatic conditions and distinct geological backgrounds. Monthly-scale
hydrochemistry and flow data, in combination with data such as net primary productivity
(NPP) and vegetation area in the watersheds, were used to study the synergistic effects of
FVCS and KCS under the influence of different geological backgrounds and land use types.
Hopefully, this study could provide some guidance for research on CO, emission reduction
in watersheds.
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2. Research Area Overview

The Darongjiang watershed (DR]) is located in the northern part of Rongjiang Town,
Xing’an County, Guilin City, Guangxi. It originates on the eastern slope of Kitten Mountain,
the highest peak in South China. In the study area, DR]J flows from north to south (till
the outlet controlled by the Darongjiang Water Level Station), with a main stream length
of 55.7 km, an average annual runoff of 1.32 x 10° m3 [41], and a watershed area of
719 km?. The Lingqu watershed (LQ) is located in Xing’an County, Guilin City, Guangxi,
and flows from east to west (till the outlet controlled by the Lingqu Water Level Station),
with a main stream of 48.2 km, an average gradient of 5.4%o, an average annual runoff
of 3.68 x 108 m3, and a watershed area of 248 km? [42]. In addition, the outcrops in
the watersheds include the sandy mudstone of member I, Cambrian Qingxi Formation
(€q1), the sandstone interbedded with shale of Bianxi Formation (€b), the limestone of
Lower Ordovician Baidong Formation (O;b), the mudstone interbedded with sandstone
of Huang’ai Formation (O;h), the mudstone interbedded with sandstone of Shengping
Formation (O;S), and the limestone of Lower Devonian Donggangling Formation (D,d).
The lithologies in the DR] and LQ are quite different (Figure 1). The carbonate rocks in the
DRJ watershed are mainly distributed in the Rongjiang Basin downstream, covering an area
of about 62 km?, accounting for about 9% of the total area of the watershed. LQ watershed
has obvious karst landform characteristics; the rocks are mostly carbonate rocks with many
caves and gaps; the carbonate rocks are mainly distributed in the northern part of the
watershed, covering an area of about 118 km?, accounting for about 48% of the total area of
the watershed [43].
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Figure 1. Location map of the study area.
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Both the watersheds are located in the area where the mid-subtropical area meets
the south subtropics. In terms of vegetation division in China, they are located in the
transition zone between the subtropical evergreen broad-leaved forest region, the eastern
humid broad-leaved forest subregion, and the southern subtropical evergreen broad-leaved
forest subregion. Their zonal vegetation is evergreen broad-leaved forest. The soil in
DR]J is mainly zonal red soil and mountain yellow soil, and the lands are mainly used as
forestland and cultivated land (including orchard land and vegetable garden land) [44,45].
The lands on both sides of the river are fertile and serve as a commodity grain production
area. LQ watershed has the characteristics of a high rock exposure rate, discontinuous
soil distribution, shallow soil layer, high calcium content, and low moisture content. In
the watershed, most of the suitable plants are resistant to drought, barrenness, and stony
environments [46]. In the karst mountainous area of LQ, due to frequent human activities
and natural disturbances, the original vegetation has been largely destroyed, and the
existing vegetation is mainly evergreen/deciduous broad-leaved hardwood forest.

3. Materials and Methods
3.1. Sample Collection and Testing

From March 2021 to February 2022, hydrological annual regular monitoring and
sampling were conducted on LQ and DR] cross-sections before they joined in Rongjiang
Town, Xing’an County, Guilin City. The sampling frequency was once a month. Considering
the easy degassing characteristics of karst water, to prevent CO; in water samples from
escaping to the atmosphere during transportation, storage, and other processes, the HCO3 ™~
concentration was determined on site using the alkalinity kit produced by Merck KGaA in
Germany Darmstadt. The kit had an accuracy of 0.1 mmol-L~!, each sample was titrated
2-3 times, and the average error was <5%. Other indicators of the samples, including K*,
Na*, Ca*, Mg?*, CI~, SO,42~, and NO3~, were determined in the laboratory. Cations (K*,
Na*, Ca%*, and Mg?*) were analyzed using the Dionex ICS1500(Produced in Sunnyvale,
USA) ion chromatograph with a test accuracy of 0.01 mg-L~!; anions (SO42~, NO3 ~, and
CI™) were analyzed using the Metrohm MIC ion chromatograph with a test accuracy of
0.01 mg-L~!; the average errors of anion and cation concentrations were <5%. The testing
was completed by the Resources and Environment Supervision and Inspection Center, the
Institute of Karst Geology, the Chinese Academy of Geological Sciences, and the Guangxi
Key Laboratory of Karst Dynamics, Ministry of Natural Resources.

3.2. Data Processing

The Piper (trilinear) diagram in Origin was used to statistically analyze the conven-
tional hydrochemical parameters of karst surface water samples. The lithological overview
map of DRJ and LQ watersheds was drawn using ArcGIS 10.8, and the flow data were
downloaded from the website of the Hydrological Center of Guangxi Zhuang Autonomous
Region (http://swzx.gxzf.gov.cn/, accessed on 28 September 2023). The land cover data in
this article were sourced from Globe Land 30 (http:/ /www.globallandcover.com/, accessed
on 13 September 2023), with a spatial resolution of 30 m. The vegetation NPP data were
sourced from the MOD17A3HGF product based on the MODIS satellite released by the
National Aeronautics and Space Administration (NASA) of the United States, with a spatial
resolution of 500 m.

3.3. Hydrochemistry-Runoff Method

The traditional hydrochemistry-runoff method is a carbonate weathering carbon sink
calculation model that can only estimate the overall amount of carbonate weathering
in the watershed [47]. Based on the karst dynamic system, the model can be used to
calculate the KCSF generated by the karstification of carbonate rocks in the watershed by
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combining the concentration of HCO3;~ with runoff data in the watershed. The formula is
as follows [48-52]:

M
F = nx [HCO3™ | x Q x 02 (1)

Miticoy)

where F is the amount of CO, absorbed by karstification; n is the coefficient, because in the
process of carbonate rock weathering to absorb atmospheric CO; to generate HCO3;~, only
half of the carbon comes from the atmosphere, and the other half of the carbon comes from
the rock weathering, and it cannot be counted as an atmospheric carbon sink. Therefore, in
the study area, n is 0.5; [HCO3~] is the HCO3;~ concentration in the watershed, in mg-L_l ;
Q is the flow rate, in m3/s; M (CO,) is the relative molecular mass of CO,; M (HCO3 ™)
is the relative molecular mass of HCO3~. One typical reaction form of carbonate rocks
(limestone) is as follows:

CaCOj; + H,O + CO, = 2HCO; ™~ + Ca’* 2)

From Equation (1), the amount of CO, absorbed in DR] and LQ watersheds during
the rainy season (March to August) and the dry season (September to February of the next
year) can be calculated. Then, the amount of CO, in the water consumed by carbonate rock
dissolution during the monitoring period can be calculated, and that is the KCSF during
the monitoring period, and its unit is t.

3.4. Calculation of FVCSF

The remote sensing estimation method was used to calculate the biomass distribution
of forest ecosystems so as to estimate the carbon storage of forest ecosystems. Various plants
in the ecosystem absorb CO, in the atmosphere through photosynthesis, produce organic
matter such as glucose, and release O;; the chemical equation is 6CO, + 6H,O = C4H1,0¢
+ 60, i.e., 1.63 g of CO, is fixed for every 1 g of dry matter formed by vegetation. Net
primary productivity (NPP) of vegetation refers to the organic dry matter production of
green plants per unit time and unit area after deducting autotrophic respiration. The
carbon content in the dry matter accounts for about 45% of the NPP. Obviously, plants have
significant carbon sequestration and emission reduction effects. Therefore, in combination
with NPP data, the FVCSF can be calculated using the formula below [53]:

NPP
C = (Gg) ¥ 163 3)

CS=C xS @)

In Formulas (3) and (4), C is the FVCSF per unit area, in “g/ m?2”. From the land
use data, the woodland area is used as the approximate forest area S, and then the CS is
estimated using Formula (4) in “t”.

4. Results
4.1. Hydrochemical Characteristics in the Study Area

Table 1 shows the composition of hydrochemical components in the DR]J and LQ
river sections. Their water temperature ranges are 11.30-25.76 °C and 10.32-28.56 °C,
respectively, with an average of 19.28 °C and 20.29 °C. Their pH values range from 6.79 to
8.14 and 7.57 to 8.46, with an average of 7.68 and 8.09, respectively. Their conductivity
ranges from 43.60 to 171.90 pus-cm ™! and 162.10 to 318.00 us-cm™~!, with an average of
78.10 ps-em ™! and 233.21 ps-cm ™!, respectively. It can be seen that the pH values and
conductivity of the LQ watershed are higher than those of the DR] watershed. For the
ion characteristics of the two watersheds, the Piper diagram can be used to determine
the factors affecting the hydrochemical type and reveal the weathering type of the water
sample flowing through the rock area [54,55]. The hydrochemical Piper diagram (Figure 2)
of the two river sections in this study shows that the content of (C1™ + S0,4%7) is low and the



Water 2024, 16, 1192

6 of 15

content of (Ca?* + Mg?*) is high, indicating that the anions in water mainly come from the
carbonic acid weathering of carbonate rocks. The triangle plots of anions and cations show
that HCO3 ™ is the most dominant anion in DR] and LQ watersheds, indicating that the two
watersheds are mainly affected by carbonic acid weathering of carbonate rocks; Ca* is the
most dominant cation in the two watersheds, indicating that calcite (CaCO3) weathering
is strong in the study area. Therefore, it can be concluded that the hydrochemical type in
the study area is HCO3-Ca. The concentrations of the two ions are closely related to the
intensity of karstification, which also reflects that the river water is mainly affected by the
weathering and dissolution of carbonate rocks.

Table 1. Hydrochemical properties of DRJ and LQ watersheds.

Cations and Anion in Water/mg-L—1

Sampling Parameter Temp./°C pH -
: . EC/us-cm—1
Point P P K CaZ* K* Mg+ Na* Cl- S042~ HCO3~ NO3—
Max. 25.76 8.14 171.90 26.09 0.98 241 2.96 3.94 11.07 79.29 8.16
DR] Min. 11.30 6.79 43.60 5.52 0.54 0.70 0.38 2.96 543 22.85 3.23
Avg. 19.28 7.68 78.10 11.56 0.75 1.29 1.56 3.35 7.81 40.20 5.43
CvV 0.26 0.05 0.50 0.51 0.20 0.40 0.61 0.09 0.23 0.46 0.26
Max. 28.56 8.46 318.00 50.88 1.86 2.62 495 7.00 20.89 15497 8.55
LO Min. 10.32 7.57 162.10 27.81 0.98 1.34 0.54 3.66 11.17 79.96 5.42
Avg. 20.29 8.09 233.21 39.20 1.34 2.05 2.56 5.18 13.88 116.21 7.16
CvV 0.31 0.03 0.21 0.20 0.20 0.20 0.60 0.23 0.18 0.18 0.12

100 80 60 40 20 0 0 20 40 60 80 100

Calcite weathering Weathering of

C a2+
carbonate rocks

Figure 2. Piper diagram of karst surface water in the study area.

4.2. Characteristics of KCS in the Watersheds

The KCSF of DR] and LQ watersheds was calculated using the hydrochemistry-runoff
method proposed by Liu et al. [56]. If the HCO3™ in DR] and LQ river water comes from
the natural weathering of carbonate rock, then half of the carbon in river water comes from
atmospheric/soil CO,, and the other half comes from rock dissolution.

As shown in Table 2, the total KCSF in the DR] watershed throughout the year is
238.40 x 10° t~y’1, of which the KCSF in the rainy season is 218.47 x 10° t and that in the
dry season is 199.37 x 10* t, accounting for 91.64% and 8.36% of the annual total KCSF,
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respectively. The total annual KCSF in LQ watershed is 353.44 x 10° t-y~!, of which the
KCSF in the rainy season is 350.75 x 10° t and that in the dry season is 268.85 x 10° t,
accounting for 99.24% and 0.76% of the total annual KCSF, respectively. Obviously, the
KCSF is higher in the LQ watershed than in the DR] watershed, which is because the
distribution area of carbonate rocks is much larger in the LQ watershed than in the DR]
watershed. In terms of seasonal changes, the KCSF in the DR] watershed shows a pattern
of spring > summer > autumn > winter, while that in the LQ watershed shows a pattern of
summer > spring > winter > autumn. In general, both watersheds show a higher KCSF in

rainy seasons than dry seasons.

Table 2. KCSF of DRJ and LQ watersheds.

) KCSF (t) HCOj3~ Concentration (mg/L) Flow Rate (m3/s)
Time DR] LQ DR] LQ DR] LQ
Spring 11536 x 10°  147.72 x 10° 153.74 339.64 290.70 164.77
Average 384.54 x 10*  492.40 x 10* 51.25 113.21 96.90 54.92
Coefficient of variation 0.50 0.71 0.41 0.28 0.53 0.69
Summer 103.10 x 10°  203.03 x 10° 84.21 319.29 462.24 231.80
Average 343.68 x 10*  676.78 x 10* 28.07 106.43 154.08 77.27
Coefficient of variation 1.14 1.08 0.22 0.13 1.22 1.12
Autumn 103.96 x 10*  571.51 x 102 94.87 366.07 35.97 0.50
Average 346,53 x 102 190.50 x 102 31.62 122.02 11.99 0.17
Coefficient of variation 0.24 0.05 0.11 0.07 0.32 0.05
Winter 95.41 x 104 211.70 x 103 149.65 369.51 22.38 2.11
Average 318.04 x 103 705.66 x 102 49.88 123.17 7.46 0.70
Coefficient of variation 0.20 0.96 0.43 0.13 0.27 1.06
KCSFyota) (ty 1) DR]J 238.43 x 10° LQ 353.44 x 10°

4.3. FVCSF in the Study Area
4.3.1. Status Quo of Land Use

Based on the actual conditions of DR] and LQ watersheds, in combination with na-
tional standards and existing data, the land in the study area is divided into five types,
i.e, cultivated land, forestland, grassland, water area, and urban, rural, industrial, and min-
ing residential land, in accordance with the Chinese land resources classification system [57].
The map of land use types was obtained through the land reclassification and interpretation
of the DRJ and LQ watersheds (Figure 3).

From the land use structure table (Table 3) and land use type map (Figure 3) of the DR]
and LQ watersheds, the most dominant land use types in both watersheds are forestland
and cultivated land, accounting for 92.33% of the total area. Among them, the forestland
occupies an absolutely dominant position, with an area of 923.88 km?, accounting for
80.69% of the total area, and the forestland is mainly distributed around Kitten Mountain
on the upper reach of the watersheds. In addition, there are significant differences in human
activities between the two watersheds. On both sides of the valley in the middle reaches of
the DR]J River are mountain ranges, with only a small number of villages distributed and a
sparse population. From about 8 km upstream of the intersection of DR] and LQ, the terrain
in the lower reaches becomes gentle and the population increases. The main stream of LQ
flows through the urban areas of Xing’an County, Yanguan Town, and Rongjiang Town.
The watershed has flat terrain with a large area of cultivated land, which covers an area of
133.22 km?, accounting for 11.64% of the total area, making it the second largest land use
type in the study area. The next is grassland, covering an area of 53.25 km?, accounting for
4.65% of the total area. Due to the high intensity of resource development in surrounding
communities, construction land is mainly distributed in the towns and villages around
the study area. The area of urban and rural, industrial, and mining residential land is
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17.66 km?, accounting for only 1.54% of the total area. The area occupied by water in the
study area is relatively small, accounting for only 1.48%.

Legend
@® Sampling Point
— Streams
Land Use Type
[ Waters
Grassland
[ Forest Land
[ Building Site 0 5 10
[T Arable Land L

Figure 3. Land use types in DR] and LQ watersheds.

Table 3. Land use structure of DRJ and LQ watersheds.

Type Area (km?) Percentage (%)
Cultivated land 133.22 11.64
Forest 923.88 80.69
Grassland 53.25 4.65
Water 16.94 1.48
Urban, rural, industrial, and mining residential lands 17.66 1.54

4.3.2. The FVCSF in Watersheds

Vegetation NPP represents the remaining part of the total organic matter accumulated
by green plants through photosynthesis in unit time and unit area after deducting the
consumption of autotrophic respiration. It is the total remaining amount of organic matter
produced by plant photosynthesis and an important quantitative factor for regional ecolog-
ical functions [58,59]. Remote sensing technology provides a new solution for obtaining
large-scale vegetation data, and it can be used to estimate the biomass distribution of forest
ecosystems in order to assess the carbon storage of large areas of forest ecosystems.

From Figure 4, it can be seen that the highest values of vegetation NPP in the DR] and
LQ watersheds are mainly distributed around Kitten Mountain on the upper reach of the
basin, showing a decreasing trend in the middle and lower reaches. As the terrain in the
middle and lower reaches gradually becomes gentler, there are villages scattered around,
with more human activities, and the intensity of resource development is relatively high [60],
leading to lower vegetation coverage. In addition, human activities, such as large-scale
expansion of construction land, infrastructure construction, and agricultural cultivation,
cause the destruction of vegetation growth. Under such strong human interference, the
original vegetation is usually cleared off [61]. In addition, the dense buildings block sunlight
and rainwater, making it impossible to provide sufficient light and water to support plant
growth, resulting in a harsh environment for plants.
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Figure 4. NPP of the DR] and LQ watersheds.

The FVCSF per unit area in the study area was calculated using the raster calculator
in ArcGIS 10.8, as shown in Figure 5, and the highest FVCSF values in the study area are
mainly distributed around Kitten Mountain in the upper reach and along the LQ watershed.
This may be because the most elevated areas are mountainous forestland, and the strong
weathering of rocks in the LQ watershed promotes the development of FVCS.

Legend
& Sampling Point

— Streams
Vegetation Carbon

Sequestration
p High : 51,576.8

Y ow:19,103.6 |

Figure 5. FVCSF in the DR] and LQ watersheds.

In addition, the zoning statistics in ArcGIS 10.8 were used for data statistics, as shown in
Table 4. It is concluded that the annual FVCSF in DR] and LQ watersheds is 680.78 x 107 t-y !
and 229.63 x 107 t-y~!, respectively. Obviously, the FVCSF in the DR] watershed is higher
than that in the LQ watershed.
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Table 4. FVCSF in the DRJ and LQ watersheds.
Unit Area (g/m?) FVCSF (t-y1)
Project
DRJ LQ DRJ LO
Max. 39,101.89 50,852.38 8,205,613.04 6,134,352.98
Min. 20,559.73 19,103.60 4,314,503.44 2,304,478.68
Avg. 18,542.15 31,748.78 3,891,109.60 3,829,874.30
Sum 324.41 x 10° 190.36 x 10° 680.78 x 107 229.63 x 107

5. Discussion
5.1. Main Control Factors and Influence Factors of KCS in the Study Area

Water circulation in watersheds is usually considered the main control factor for
KCSF [62]. Comparing the coefficients of variation of KCSE, [HCO3™], and flow rate, it
was found that the coefficients of KCSF and flow rate are generally close to each other.
In addition, Figure 6 shows that the shape of the KCSF change curve is very similar to
the shape of the flow rate curve. The change characteristics of the KCSF in DRJ and LQ
watersheds are consistent with the flow change characteristics, showing a significant linear
correlation (the determination coefficient R? between KCSF and flow rate is close to 1);
hence, the increase in flow rate caused by precipitation recharge has an important impact
on the KCSF in DRJ and LQ watersheds.

300,000

— = DRJ ®

- —LQ /

250,000 /
= /y=1415.65x+1085.52
v 200,000 / R2=099
5 /
m .
= 150,000 | o’ - .
2 / P
S -~
© / _
< 100,000 | - -
2 r _ = T y=357.95x+8650.11
5 / - 2_
S ool y o R?>=0.85
P
e
oL
0 10 200 300 400 500

Volumes (m?/s)
Figure 6. Linear relationship between flow rate and KCSF in DR] and LQ watersheds.

5.1.1. The Effect of Rock Weathering

The chemical composition of river water generally comes from atmospheric input,
water/rock interaction, and human activities [63-65]. The proportional distribution of
cations in water samples in the study area can be used to distinguish the mineral com-
position of carbonate rocks (Figure 2). The data points are closer to the 100% side of the
Ca?* value, indicating the stronger weathering of calcite (CaCO3). In the anion proportion
distribution diagram (Figure 2), the equivalent ratio of HCO3~ /SO, is 1 and is close to
the HCO; ™~ side, indicating that carbonic acid plays an important role in carbonate rock
weathering [66]. Therefore, it can be concluded that the main anions and cations HCO3; ™~
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and Ca?" in DRJ and LQ river water mainly come from rock weathering and are mainly
affected by the dissolution of carbonate rocks by carbonic acid; hence, the HCO3;™ in the
study area is mainly controlled by the lithology in the watersheds. Table 2 shows that
the HCO3™ concentration is higher in the LQ watershed than in the DR] watershed in all
seasons, and it can be concluded that the KCSF in the LQ watershed is higher than that
in the DR] watershed, indicating that the KCSF is affected by rock weathering. Definitely,
compared with the seasonal changes in flow rate by an order of magnitude, the rate of
seasonal changes in rock weathering is not significant, but it also has a certain impact on
the development of KCS in the study area.

5.1.2. The Effect of Vegetation Coverage

Forest vegetation stimulates secondary precipitation in the forest area through transpi-
ration, which significantly increases the precipitation in the forest area and can intercept
and reduce heavy rainfall, effectively enhancing karstification and increasing KSCF [67]. In
addition, CO, + H,O is the driving force for plant photosynthesis and carbonate weathering
and dissolution. Afforestation can not only increase the carbon sink of surface organisms
but also increase underground KCSEF. From shrubland to secondary forestland and to origi-
nal forestland, the carbon sink produced by karstification can increase by 2-8 times [68].
KCS is largely affected by changes in land use and vegetation cover, which is because
the carbon sink capacity of karst watersheds mainly depends on the water volume in the
watershed and the CO, source of dissolved rocks, and they are both closely related to vege-
tation cover. Most of the land surface is covered with soil, and the roots of vegetation can
conserve water and increase the content of soil microorganisms. Thus, the decomposition
of soil organic matter becomes faster, and the time of water-rock interaction becomes longer,
causing the flow rate and [HCO3;™] to change to some degree, which in turn affects the
KSCF [69].

5.2. Comparative Analysis of FVCS Differences in the Study Area

Comparing the KCSF and the FVCSF on the same order of magnitudes in the study
area, it is found that the FVCSEF of both DR] and LQ watersheds is higher than their KCSF.
However, when comparing the KCSF and FVCSF of the two watersheds, it can be found
that the FVCSF is higher in the DR] watershed than in the LQ watershed, which may
be influenced by the vegetation coverage in the study area. By analyzing the influencing
factors on the spatial distribution of vegetation carbon density in the karst area of Northwest
Guangxi, it was found that the most important influencing factors on the spatial distribution
of vegetation carbon density are land type, forest type, forest species, and vegetation type,
which can be changed by anthropogenic activities (Zhang et al., 2013) [26]. In addition, it
can also be seen from Figure 3 that the proportion of forest area in the DR] watershed is
higher than that in the LQ watershed. The KCSF is higher in the LQ watershed than in the
DR] watershed, which may be due to the larger proportion of carbonate rock in the LQ
watershed since the carbonate rock area accounts for only 9% in the DR] watershed.

5.3. Analysis of the Synergistic Effect between KCS and FVCS

As an important indicator of ecosystem function, NPP can not only reflect the growth
status of vegetation but also be an important factor for judging the ecosystem sources and
sinks of carbon and regulating ecological processes. The quantitative identification of its
influence factors is of great significance for ecological restoration and regional sustainable
development in karst areas [70]. By comparing the vegetation NPP map (Figure 4) and
the FVCSF map (Figure 5) of DRJ and LQ watersheds, it can be found that the highest
NPP values are mainly distributed around Kitten Mountain on the upper reach, while
the highest FVCSF values are mainly distributed around Kitten Mountain in the upper
reach and along the LQ watershed. That may be because the most elevated areas are
mountainous forestland, and the strong weathering of rocks in the LQ watershed promotes
the development of FVCS. Rock weathering has a certain influence on vegetation growth,
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and the karstification of carbonate rock promotes the growth of vegetation [71], which
in turn affects the development of FVCS. In addition, plants can also promote carbonate
rock weathering. Carbonic anhydrase and other organic matter secreted by plants can
promote the weathering and dissolution of carbonate rocks, thus increasing the strength of
KCS [72,73]. Therefore, it can be concluded that there is a certain synergistic effect between
FVCS and KCS in the study area, and their synergistic effect is caused by rock weathering.
In addition, the synergistic effect in the LQ watershed is more significant.

6. Conclusions

(1) The hydrochemical characteristics of the watersheds show that the content of Ca®*
and Mg?* in the DRJ and LQ watersheds is relatively high, indicating that the water
is mainly affected by carbonate rock weathering. In addition, the data from the study
area further showed that the KCSF in DRJ and LQ watersheds is 238.43 x 10° t-y !
and 353.44 x 10° t-y~!, respectively. In terms of seasonal changes, the KCSF in DR]J
and LQ watersheds shows the following pattern: spring > summer > autumn > winter,
and summer > spring > winter > autumn, respectively. Overall, both watersheds
exhibit a higher KCSF in the rainy season than in the dry season, and the KCSF change
is mainly controlled by flow rate change.

(2) The annual FVCSF in DR] and LQ watersheds is 680.78 x 107 t-y~! and 229.63 x 107 t-y~!,
respectively. Comparing the FVCSF with the KCSE, it can be found that the FVCSF is
higher than the KCSF in both watersheds. Comparing the two watersheds, it can be
found that the FVCSF is higher in the DR] watershed than in the LQ watershed, which is
related to the vegetation coverage of the study area. However, the KCSF is higher in the
LQ watershed than in the DR] watershed, which may be due to the larger proportion of
carbonate rocks in the LQ watershed.

(3) It was found that rock weathering has a certain influence on the development of karst
carbon sinks in the study area. In addition, the amount of carbon sequestered by
forest vegetation is also affected by rock weathering, which may be related to the fact
that the upstream area is mostly mountainous woodland, and the strong weathering
of rocks in the Lingqu River Basin promotes the development of vegetation carbon
sinks. Therefore, it can be inferred that there is a certain synergistic effect between
FVCS and KCS in the study area, and such a synergistic effect is caused by rock
weathering. In addition, the synergistic effect of FVCS and KCS is more significant in
the LQ watershed.

(4) The data show that there is a certain mutual promotion mechanism between the karst
action of carbonate rocks and the growth of vegetation. The systematic measurement
of karst carbon sinks and vegetation carbon sinks in the study area on a watershed ba-
sis and the clarification of their mechanisms and quantification of sequestration/sink
enhancement processes based on the data from the observation of the karst carbon
cycle and vegetation carbon cycle in the study area will help to provide a basis for the
assessment of the potentials of carbon sinks in karst areas and the sensitivity of the re-
sponse to global change under the background of the target of “two-carbon”. This will
help to provide a basis for assessing the potential of carbon sinks in karst areas and
the sensitivity of global change responses in the context of the “dual carbon” target.
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