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Abstract: An accurate estimation of vegetation carbon pools and their carbon sequestration potential is
significant in global carbon cycle research but the existing estimations are still insufficient and largely
uncertain. Here, we estimated the vegetation carbon density, carbon stocks, and carbon sequestration
potential under three main bedrock types (limestone, dolomite, and non-carbonate) in Puding County,
Guizhou Province, Southwestern China. The data used here included high-resolution vegetation maps
of Puding, data from 274 sample plots, and the carbon contents measured previously in adjacent areas.
The land area ratio of natural vegetation at an early stage (namely, grassland and shrub, excluding
artificial forests and cultivated land) in carbonate rock areas is significantly larger than that in non-
carbonate areas. The average existing carbon densities of vegetation in the non-carbonate, limestone,
and dolomite areas were 31.59 4+ 7.43, 16.75 & 4.12, and 8.26 4 2.45 Mg~ha*1, respectively, while
their existing carbon stocks were 752.37 4 172.85, 855.69 + 210.65, and 208.49 + 61.82 Gg, respec-
tively. The maximum vegetation carbon densities of mature forests in the three bedrock types were
156.49 4 12.92, 130.27 4 6.05, and 117.41 + 30.03 Mg-ha~!, respectively. Then, their average vegeta-
tion carbon sequestration potentials were 56.07 & 23.06, 70.13 £ 11.39, and 59.11 + 33.00 Mg-hafl,
respectively. In other words, vegetation carbon stocks in the non-carbonate, limestone, and dolomite
areas increased by 1.34 £ 0.42, 3.58 & 0.48, and 1.49 £ 0.51 Tg, respectively, after continuous evolution
to mature forests. In conclusion, the potential growth of carbon density for karst vegetation is slightly
higher than that of non-karst vegetation, despite its lower existing carbon density. Additionally,
natural vegetation has a greater potential for carbon sequestration than plantations on all three
bedrock types.
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1. Introduction

The Paris Agreement was proposed in 2015 to reduce greenhouse gas emissions
and mitigate the greenhouse effect. Reducing greenhouse gas emissions and increasing
greenhouse gas sequestration are two ways to alleviate the greenhouse effect. Global
terrestrial ecosystems can turn about 1/6 of atmospheric CO, annually or fix 15-30%
of carbon emissions from fossil fuel combustion [1,2]. Vegetation is one major carbon
sequester and carbon pool in terrestrial ecosystems [2]. The expansion of vegetation
areas and the increase in vegetation carbon density can both enhance vegetation carbon
storage [3,4]. As a member of the Paris Agreement, China has actively carried out various
emission reduction measures and promoted carbon sequestration through continuous
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measures, such as the Grain for Green Project, the Ecological Immigration Project, and
comprehensive management of rocky desertification to promote vegetation restoration and
increase vegetation carbon sequestration. In 2020, China proposed to achieve the carbon
emission peak and carbon neutrality targets by 2030 and 2060, respectively. The annual
carbon sink formed by land use change and artificial afforestation in China from 1994 to
2018 ranged from 4.07 to 13.40 Pg [5], indicating the accurate estimation of vegetation
carbon sinks is significant for carbon cycle research. However, there is still significant
uncertainty in vegetation carbon estimation because of the various research methods used
in vegetation carbon research and the inherent ecosystem complexity due to complex
influence factors (e.g., the environment and human activities) [6-8].

Bedrocks may impact the overlying vegetation by affecting soil properties and this
impact may even obscure and distort climate effects at some scale [9]. Therefore, bedrocks
shall be paid attention to in vegetation carbon research. There are about 426,000 km? of
exposed carbonate rocks in the karst areas of Southwestern China [10]. The ecosystems
formed on karst habitats, featured by high calcium/ magnesium contents, high pH, high-
porosity bedrocks, and soil deficiency, shall face insufficient water and mineral nutrient
supply [11-15]. This harsh environment has a significantly different vegetation species com-
position and significantly lower net primary productivity compared with non-carbonate-
rock areas [16-18]. As reported, the vegetation carbon density of the climax community in
Maolan, a typical karst habitat, is about 81.31 Mg-ha~! [19]. The aboveground vegetation
carbon density of the primary forest in the Houzhai catchment in Southwestern China
is about 142.6 Mg-heF1 [20] and the carbon density of the secondary forest in the south-
western karst area is 90.9.Mg-ha~! [21]. All of these data values are significantly lower
than the carbon density of non-karst vegetation in subtropical China (167.4 Mg-ha~1) [22]
and only slightly higher than the average vegetation carbon density of mature forests in
China (129.26 Mg-ha~') [23]. Nevertheless, studies on NDVI show that the karst region
in Southwestern China was a major greening area worldwide in the first two decades
of the 21st century [24] and formed a huge vegetation carbon sink thanks to measures
such as eco-immigration and ecological engineering [25,26]. However, the problem of how
carbonate rocks and non-carbonate rocks affect vegetation carbon characteristics needs
further research. There is yet more research on vegetation biomass in the karst areas of
Southwestern China but less research on vegetation carbon. Even the existing few studies
are based on either small-scale field surveys or remote sensing methods for large-scale esti-
mation [20,21,25,26] while research on vegetation carbon estimation based on a larger-scale
field survey is insufficient and needs to be supplied. Limestone and dolomite are the two
most widely distributed bedrock types in the karst areas of Southwestern China. The soil
weathering from the two bedrocks is significantly different in soil amount and distribution
due to the differences in their physical and chemical properties. Soil from dolomite is thin
and uniform while soil from limestone is thick and distributed in a patch pattern [27]. How
these differences affect vegetation growth and lead to differences in vegetation carbon
accumulation needs to be studied.

This study aimed to elucidate the impact of bedrocks on vegetation carbon storage
and its sequestration potential in the karst habitats in Southwestern China using a high-
resolution vegetation type map and extensive plot surveys. These materials may improve
the recognition of the mechanism of karst vegetation carbon sequestration and help propose
an appropriate way to study carbon sinks in karst areas.

2. Materials and Methods
2.1. Study Region

This study was carried out in Puding County, Guizhou Province, Southwestern China
(105°27'49"-105°58'51" E, 26°09'36"-26°31'42" N) (Figure 1). Puding has an altitude from
1042 to 1846 m and a total land area of 1092 km?. It is located in a subtropical monsoon
climate zone with an annual precipitation of 1390 mm and a temperature of 15.1 °C on
average. Most precipitations in Puding occur from May to October. Karst in Puding
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accounts for 76.73% or 837.93 km?, including 27.04% or 295.29 km? of dolomite and 49.69%
or 542.64 km? of limestone. Its location in the center of the South China karst region and
the relatively comprehensive karst landform types [28] make Puding an ideal place for this
study. Yellow soil, as zonal soil in the non-karst areas of this place, is a thicker and even
soil layer mainly weathered from basalt rocks. Black limestone soil and yellow limestone
soil are the two most widely spread soil types in the karst areas. Black limestone soil
with a thinner soil layer, even coverage, and a higher organic matter content, was mainly
developed in dolomite areas. In comparison, yellow limestone soil was mainly weathered
from limestone and had a patchy thicker soil layer and a lower organic matter content.
Both types of soil had higher pH and higher calcium and magnesium contents than zonal
yellow soil.
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Figure 1. Location of Puding County in Southwest China. The map of China and Guizhou cited by
this figure are both derived from http:/ /bzdt.ch.mnr.gov.cn/ with their drawing review numbers of
G5(2016)2880 and GS(2019)3333, respectively.

Typical vegetation types in the study area are subtropical evergreen broad-leaved
forests on the normal landform and mixed evergreen and deciduous broad-leaved forests in
karst habitats. The dominant species in karst forests are Lithocarpus confinis and Platycarya
strobilacea. Puding has nearly no primary forest, but has widespread secondary vegetation
and some plantations, because of four instances of thorough vegetation destruction and the
Green for Grain Project in the second half of the 20th century. Shrubland and grassland
are the two main vegetation types. Plantations account for about 25.6% of non-karst areas,
where the main species are Cunninghamia lanceolata and Cryptomeria japonica var. Sinensis.
The most commonly grown species in the plantations of dolomite areas are Cupressus
duclouxiana and Cupressus funebris while the main species grown in the plantations of
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limestone areas is Cryptomeria japonica var. Sinensis. Agricultural land in Puding is mainly
used as paddy fields and dryland. Rapeseed and rice are the main crops in paddy fields
while rapeseed and corn are the most commonly planted crops in dryland.

2.2. Drawing and Statistics of the Vegetation—Bedrock Map

Based on the latest high-resolution Google map of Puding in 2019, we first cut the study
area into different patches according to color changes. Then, we checked the vegetation
types of each patch and adjusted the patch boundaries with on-site inspections during May-
September 2019 and May—August 2020 to produce a 1:50,000 vegetation type map of Puding
(Figure 2). In this vegetation type map, plantation was subdivided into young plantation
and mature plantation while natural vegetation was subdivided into five vegetation types,
namely, grassland, shrubland, shrub wood, secondary forest, and mature forest, according
to the division system proposed by Yu et al. [29]. Agricultural crops, which were mainly
composed of paddy and dryland, were treated as an independent vegetation type from
plantation and natural vegetation. After that, a bedrock map of Puding, in which bedrocks
were divided into limestone, dolomite, and non-carbonate rock, was overlain onto the
vegetation type map to form a vegetation-bedrock map (the attributes of this map is
listed in File S2). The area of each vegetation—-bedrock type was calculated based on the
vegetation-bedrock map. All the work was completed on ArcGIS 10.2.2.

Figure 2. Distribution map of vegetation types in Puding County. MP: mature plantation, YP: young
plantation, MF: mature forest, SF: secondary forest, SW: shrub wood, SL: shrubland, GL: grassland,
AC: agricultural crop (including PA (paddy) and DL (dryland)), RI: resident inhabitant area, WA:
water area.

2.3. Vegetation Survey and Carbon Calculation
2.3.1. Vegetation Survey

Based on the area and distribution pattern of each vegetation-bedrock type (Figure 2),
we conducted many survey plots according to the land area and the community complexity
of each vegetation-bedrock type. The survey plots on plantations were fewer because
of the consistent inter-community growth process while more plots on shrubs and sec-
ondary forests were surveyed owing to their complex community structures and large
inter-community differences. In total, 266 sample plots were surveyed in Puding. Due to
the lack of mature forests in Puding, another 8 sample plots (1 in dolomite, 5 in limestone,
and 2 in non-karst areas) in the areas with mature forests near Puding were investigated to
estimate the maximum vegetation carbon density on each bedrock type.

Forest plots each with a projected area of 400 (20 x 20) m? were set for tree investiga-
tion, in which the species, diameter at breast height (DBH), and the height of woody and
vine individuals with a DBH > 3 cm were recorded to calculate the biomass of the tree
layer. Then, 4 subplots each with an area of 25 m? were set for measuring the biomass of
the shrub layer, in which the species, individual number, basal diameter, and the height
of each woody plant with a DBH < 3 cm were recorded. As for grassland, 3 plots each
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with an area of 1 m? were set for biomass estimation and the aboveground part of the
grass in each plot was cut and weighed on site. Then about 1/10 samples were taken
to the laboratory for water and carbon content measurement(the detailed investigation
data is listed in File S3). The grass layer under each forest plot accounted for a very small
proportion and, thus, its biomass was ignored. At the same time, the soil thickness of 3
plots on each of the vegetation types of grassland, shrubland, secondary forest, and primary
forest on three main bedrock types had been measured. In each plot, soil thickness on at
least 80 measure points with an interval of 1 m was measured by measuring rod; the total
number of measure plots was 36.

2.3.2. Biomass and Carbon Calculation

The aboveground biomass of natural woody plants was calculated using the allo-
metric equation of 15 dominant species established by Liu et al. [21] in an adjacent area.
The belowground biomass of individuals with a DBH > 3 cm was calculated using the
correlation equation between DBH and root biomass determined for main species in nearby
karst habitats by Liu et al. [30]. The biomass of trees in plantations was calculated using
the allometric equation constructed by Du et al. [31] for Cunninghamia lanceolata in a similar
climatic zone. The belowground biomass of woody plants with a DBH < 3 c¢m, in either
natural or plantation land, was determined by multiplying the corresponding aboveground
biomass by 0.87, which is an overall biomass allocation coefficient between belowground
and aboveground shrubs in China [32]. The aboveground biomass of herbaceous plants in
grassland was gained from the plot measurements while the corresponding root biomass
was computed by multiplying the aboveground biomass by 0.15 [33].

Then, vegetation carbon was determined by multiplying the biomass by the corre-
sponding carbon contents of leaves and woods (0.479 and 0.482 gC-g~!, respectively) for
natural woody plants [21]. As for artificial woody plants, the carbon contents were 0.4975
and 0.4753 gC-g~!, respectively, owing to the obvious species difference between natural
and artificial vegetation. The carbon content of roots refers to that of branches. Finally, the
carbon density of each plot was converted from its carbon storage and area. The carbon
densities of dryland and paddy fields (3.889 and 7.378 Mg-ha~!, respectively) were cited
from the vegetation carbon densities measured by Luo et al. [34]. The average carbon
density of the plots with the same vegetation type was the estimated carbon density of this
vegetation type. Then the carbon stock of each vegetation type was obtained by multiplying
the carbon density by its area. The difference between the current vegetation carbon stock
and the maximum vegetation carbon stock, which was replaced by the vegetation carbon
stocks when all the artificial and natural forests reached the maximum vegetation carbon
density of each bedrock, was taken as the vegetation carbon sequestration potential.

2.4. Data Analysis

One-way analysis of variance (ANOVA) was implemented with the shortest signifi-
cant range at p < 0.05. Then, multiple comparisons were performed to test if there were
significant differences in vegetation carbon density (VCD) among the three main bedrock
types. The average soil thickness of all plots on the same bedrock types was used to
evaluate the soil thickness of this bedrock type. To explore the relationships of vegetation
carbon characteristics with human activity intensity and carbonate bedrock properties, we
divided the study region by township areas into 11 parts. Then, the population density,
area ratio of karst, area ratio of natural vegetation/plantation, average existing vegetation
carbon density, and average vegetation carbon density growth potential in each part were
statistically analyzed (File S1). After that, the correlation coefficient was calculated. These
calculation processes were finished on SPSS PASW Statistics 18.



Sustainability 2024, 16, 9429

6 of 14

3. Results
3.1. Vegetation Distribution

Except for residential and industrial areas and water that were not concerned in this
study, agricultural crops covered the largest area and exceeded 30% on all three bedrock
types, in which the agricultural crops ratio was the largest in non-karst areas (40.01%)
(Figure 3). Plantation and natural vegetation account for 25.6% and 28.12%, respectively,
in non-karst areas, in which young plantation is the largest vegetation type with a ratio
of 23.09%. The area ratios of shrub, shrub wood, and secondary forest are 9.25%, 9.68%,
and 7.25%, respectively. Mature plantation covers only about 0.16% (Figure 3). In dolomite
areas, grassland and shrubland, with area ratios of 16.12% and 15.77%, respectively, are the
two most widespread types of natural vegetation. Plantation accounts for only 3.84% and
there is nearly no mature plantation (0.12%) (Figure 3). In limestone areas, shrubland and
shrub wood are the top two natural vegetation types, with area ratios of 16.93% and 19.24%,
respectively. Grassland and plantation cover 10.33% and 8.46%, respectively (Figure 3).
The mature forest cover just 0.16%, 0.24% and 0.34% of the areas on non-karst, limestone
and dolomite, respectively. In the whole study region, the ratios of natural vegetation to
plantation in non-carbonate, limestone, and dolomite areas are about 1.1, 6.44, and 11.67,
respectively (Figure 3).
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Figure 3. Land area ratios of vegetation types under the three bedrock types. WR: including water
area (WA) and resident inhabitant area (RI). The vegetation carbon calculation in this study does
not involve the WA and Rl regions. Due to the lower vegetation carbon density (VCD) in these two
regions, we have merged them into WR in this study.

In brief, the area ratios of grassland and shrubland in the karst areas are both obviously
larger than in non-karst areas. However, the area ratio of plantations in non-karst areas
is significantly higher than in karst areas. The ratio of shrub wood is the highest in the
limestone area among the three bedrock types (Figure 3).

3.2. Existing Vegetation Carbon Density (VCD)

The average VCDs in the non-karst, limestone, and dolomite areas are 31.59 £ 7.43,
16.75 + 4.12, and 8.26 + 2.45 Mg-ha~!, respectively (Figure 4). The average VCDs of planta-
tions in the three bedrock areas are 73.20 = 17.03,49.92 + 10.00, and 17.44 + 11.32 Mg~ha_1,
respectively, with an average of 59.28 Mg-ha~!. The average VCDs of natural vegetation
are 30.62 & 9.27, 17.68 & 5.57, and 10.43 + 3.70 Mg-ha~!, respectively, with an average
of 17.61 Mg-ha~!. The average VCD of plantations is about 3.37 times that of natural
vegetation. The VCDs are extremely low in the grass and shrub stages but grow quickly
from shrubs to mature forests. In comparison, the VCDs of plantations on the three bedrock
types can grow from 69.66, 45.99, and 16.05 Mg-ha~! to 112.52, 84.09, and 64.24 Mg-ha~!,
respectively, when young plantations grow into mature plantations.
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Figure 4. Vegetation carbon density (VCD) of each vegetation type under the three bedrock types. PA:
paddy field, DL: dryland, AN: average VCD for natural vegetation, AP: average VCD for plantation,
AA: average VCD for all vegetation types (including agricultural crops). The a and b for the same
vegetation type indicate the carbon densities under different bedrock are significantly different at
p < 0.05; multiple comparisons among three bedrocks had not been conducted for AN, AP, and AA.

The VCD in non-karst areas is the largest among the three bedrock types for almost
all vegetation types, except secondary forests, and is significantly higher for shrub wood,
mature forest, and plantation. The VCD in dolomite areas is always lower than compared
with the other two bedrock types and is significantly lower for shrub wood, mature forest,
and plantation. The maximum VCDs of natural vegetation on the three bedrock types are
156.49 + 12.92,130.27 £+ 6.05, and 117.41 + 30.03 Mg-ha_l, respectively (Figure 4).

3.3. Existing Vegetation Carbon Stock and Sequestration Potential
3.3.1. Existing Vegetation Carbon Stock and Allocation

The vegetation carbon stocks in the dolomite, limestone, and non-karst areas are
208.49 + 61.82, 855.69 & 210.65, and 752.37 4- 172.85 Gg (10° g), respectively. The vegetation
carbon stocks of secondary forest are the largest in both dolomite and limestone areas and
are about 77.99 £ 21.97 and 300.64 & 92.16 Gg, respectively. The dry land and shrub wood
are also important vegetation carbon pools in dolomite areas and store about 37.20 and
25.65 £ 21.13 Gg, respectively. The young plantation contributes the least carbon (only
2.16 &+ 0.28 Gg) to dolomite areas. In limestone areas, shrub wood and young plantation
are the second and third contributors of vegetation carbon, respectively, and provide
155.64 4= 56.26 and 182.08 4= 36.51 Gg carbon, respectively. However, the grassland in
limestone areas stores only about 9.15 + 2.71 Gg vegetation carbon. In non-karst areas,
the young plantation is the biggest vegetation carbon pool and its vegetation carbon stock
is about 404.56 £ 101.53 Gg. The second to fourth vegetation carbon pools are secondary
forest, shrub wood, and young plantation and provide 134.40 4 44.47, 69.63 & 49.24,
and 71.53 £ 9.11 Gg carbon, respectively. Grassland is the smallest vegetation carbon
contributor with a VCS of 0.67 £ 0.08 Gg (Figure 5).

In brief, young plantation and secondary forest are the two main vegetation carbon
pools in this study region. Young plantation in non-karst areas provides the most vegetation
carbon for plantation while the secondary forest on limestone contributes more vegetation
carbon for natural vegetation.

The proportion of carbon in stems and branches increased with the evolution from
natural shrubs into mature forests and from young plantations into mature plantations. The
proportion of roots decreased in this process (the aboveground part of the grass was not
separated). The leaf proportion remained the lowest and gradually declined in this process
(except for mature forest on non-carbonate rocks) (Figure 6). The reason was that more
biomass was injected into the stems and branches to compete for more sunlight (higher
canopy) in the succession so that the proportions of leaves and roots were both lower. In
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each plantation, the leaves of the young plantation on dolomite account for the highest
proportion (Figure 6). Notably, the leaf proportion of mature forests is higher than in other
stages of succession on non-carbonate rocks.
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Figure 5. Vegetation carbon stocks of different vegetation types in areas of three bedrock types in
Puding County.
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Figure 6. Allocation of vegetation carbon among organs under three bedrock types. The carbon
amount of the leaves, trunks, and branches in grassland (GL) is considered to be the total value of the
aboveground parts.
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3.3.2. Vegetation Carbon Sequestration Potential

Under the promise that the area and VCD of agricultural crops remained unchanged,
estimation showed the plantation and natural vegetation additionally fixed a total of about
6.06 Tg carbon. Specifically, the vegetation in non-carbonate, limestone, and dolomite
areas fixed 1.15 £ 0.36, 3.44 £ 0.46, and 1.46 & 0.47 Tg carbon, respectively, as plantations
and natural vegetation continuously evolved into mature forests. The plantations on the
three bedrock types sequestrated an additional 0.25, 0.16, and 0.05 Tg carbon, respectively
(Figure 7B), which were equivalent to an increase in plantation VCD of 39.10, 33.83, and
45.89 Mg-ha~!, respectively (Figure 7A). In comparison, the natural vegetation on the
three bedrock types sequestrated 0.89, 3.29, and 1.40 Tg carbon, respectively (Figure 7B),
which were equal to VCD increases of ~120.17, 123.57, and 112.60 Mg-ha~!, respectively
(Figure 7A). The VCD growth potentials of natural vegetation in non-carbonate, limestone,
and dolomite areas reached 3.07, 3.65, and 2.45 times that of artificial forests, respectively
(Figure 7A). The vegetation carbon stock growth potential of natural vegetation was 3.52,
21.16, and 26.97 times that of artificial forests, respectively, in the study area (Figure 7B).
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Figure 7. Growth potential of vegetation carbon density (A) and stocks (B) under the three bedrock
types. NV: natural vegetation, PL: plantation, AV: average value (including agricultural crops).

4. Discussion
4.1. The Vegetation Carbon Characteristics on the Three Main Bedrocks

The results above indicate the existing VCD and MVCD are both the highest on non-
carbonate rocks and the lowest on dolomite. The MVCDs on all three bedrock types are
lower than the average vegetation carbon capacity of subtropical evergreen broad-leaved
forests in China (167.4 + 58.6 Mg~ha’1) [22]. The MVCD on non-carbonate rocks is higher
than that of mature forests in China (129.26 Mg-ha~') and the average aboveground VCD
of primary forests in Houzhai watershed, Southwest China (142.2 Mg-ha~!) [20,23]. The
existing VCDs on the two carbonate rock areas are both significantly lower than that
on non-carbonate rocks and are both lower than the average VCD of forests in Guizhou
(27.886 Mg-ha_1 [35]) and forests in China (69.23 Mg-ha~!) [23]. The existing VCD of
plantations (59.28 Mg-ha~!) is higher than that of natural vegetation and the average VCD
of a Chinese fir plantation (47.6 Mg-ha~!) in nearby Hubei Province [36]. The vegetation
carbon sequestration potential of the study region accounts for only about 0.05% of the
increase in vegetation carbon storage potential in China (10.81 Pg) [23].

The root proportion of vegetation in non-karst bedrock areas is smaller compared
to vegetation on karst bedrock, which is consistent with previous research [37]. The root
proportion of vegetation on dolomite is slightly higher than that on limestone. The reason
is that the soil on dolomite has a lower soil water-holding capacity than that on limestone
due to its shallower and more even soil layer [38] and, thus, more biomass is invested
in roots to absorb more water in this environment. The sudden rise in the leaf ratio on
non-carbonate rocks when secondary forests evolve into mature forests can be explained
by the fact that the dominant species of the tree layer change from deciduous to evergreen
trees in this process and evergreen species have a higher leaf proportion than deciduous
species [39].

4.2. Bedrock Effects on Vegetation Carbon (Natural Processes)

The above results imply that the underlying bedrocks greatly influence both the
existing VCD and the MVCD in the study region. The thicker soil and higher bedrock
exposure rate may limit the MVCD in carbonate rocks (Figure 8). The low acid-insoluble
content in carbonate rocks causes a slower soil formation process [11]. In addition, the
porous karst bedrock and abundant rainfall accelerate soil erosion. All of these changes
lead to a lower soil amount in karst areas. At the same time, the high pH may reduce the
activities of some mineral nutrients (e.g., phosphorus) in the soil, resulting in physiological
stress [28]. The higher calcium and magnesium contents may intensify this stress. The
lower soil amount also results in a low water storage capacity as the soil can only supply
water for 7-10 days to its overlying vegetation, even in the case of full water [14]. The
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harsh karst environment not only creates significant differences in species composition
between karst vegetation and non-karst vegetation [40] but also slows down the growth of
karst vegetation and leads to lower maximum biomass [16,18]. All of these stresses lead to
significantly smaller proportions of grasslands, shrubs, and shrub wood in non-karst areas
than in karst areas (Figure 3) and, in turn, cause a lower existing VCD on karst than on non-
carbonate bedrocks. This result indicates bedrocks can impact the existing VCD, the MVCD,
and the carbon allocation by affecting soil properties. Furthermore, the precipitation may
decrease in the mid-latitude regions of the northern hemisphere [41], which may exacerbate
the drought stress on karst vegetation, especially vegetation on dolomite, and enlarge the
VCD difference between vegetation on karst and non-carbonate rock.

150 100
I soil thickness — MVCD a
I bedrock exposure rate

b

- 150

904
- 100

MVCD (tha )

60+

Soil thickness (cm)

50 =
0.103 r 25

/

0 Lo Lo
dolomite limestone non-carbonate

Bedrock exposure rate (%)

30

Figure 8. Relationships between vegetation carbon density of mature forests and soil thickness or
bedrock exposure rates under the three bedrock types. MVCD: maximum vegetation carbon densities
of natural vegetation.The a and b for the MVCD indicate the maximum carbon densities under
different bedrock are significantly different at p < 0.05.

4.3. Bedrock Effects on Vegetation Carbon Through Human Activities

Vegetation can be affected by human activities in two opposite ways: destruction and
protection or reconstruction. However, the orientation and intensity of human activities
are influenced by the natural background, such as soil characteristics, topography, and
geomorphology, which are greatly controlled by the bedrocks.

On the one hand, bedrocks may impact the VCD by affecting the damage activity of
humans. Human activities (e.g., cultivation, grazing, and logging) are the basic activities
to ensure the normal production and life of people in mountainous areas. These activities
will damage vegetation and excessive and unreasonable activities can even lead to serious
ecological problems, such as rocky desertification in karst areas [10]. However, as a result of
the conscious and selective utilization by humans, the type and intensity of human activities
differ among areas with different environments. For example, people tend to cultivate
in small-slope areas because of easier cultivation and more fertile soil. Consequently,
population density in the small-slope areas may increase, causing more damage. However,
the slope is impacted by the bedrock type. Our analysis of the slope map of the study region
shows the area proportions of slopes < 25° (the maximum slope allowed for cultivation
by Chinese laws) in dolomite and limestone areas are 84.85% and 77.79%, respectively,
which are both slightly higher than that of non-carbonate rock areas (76.84%). Hence,
human activities, which affect the vegetation, are influenced by bedrocks. The above results
may elucidate the opposite correlation between the existing VCD and the karst area ratio
(Table 1). In addition, the higher bedrock exposure rate may limit the plant density in
plantations, which is the main carbon contributor to the existing VCD and, thereby, reduces
the existing VCD.
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Table 1. Correlation coefficients between vegetation carbon and influence factors.
Factors ECD CDGP PD RK RP RN
ECD 1.000
CDGP 0.823 ** 1.000
PD —0.803 ** —0.867 ** 1.000
RK —0.773 ** —0.623 * 0.507 1.000
RP 0.905 ** 0.680 * —0.605 * —0.651 * 1.000
RN 0.194 0.653 * —0.583 * —0.074 —0.082 1.000

Note: ECD: Existing vegetation carbon density, CDGP: Vegetation carbon density growth potential, PD: Population
density, RK: Area ratio of karst, RP: Area ratio of plantation, RN: Area ratio of natural vegetation. The population
density of each town was obtained by dividing the population by its area. Population data were cited from the
Seventh Population Census of China. ** indicates a very significant correlation at the confidence level of p < 0.01.
* indicates a significant correlation at the confidence level of p < 0.05.

On the other hand, the bedrock types may impact the existing VCD and the growth
potential of the VCD by adjusting the area ratio of the plantations on each bedrock type.
Plantations are one important way of vegetation reconstruction [42]. In this study, the
area proportions of plantations to natural vegetation in non-carbonate, limestone, and
dolomite areas are about 0.91, 0.16, and 0.09, respectively (Figure 3). Moreover, the average
existing VCDs of plantations are about 2.39, 2.88, and 1.67 times those of natural vegetation,
respectively. The higher plantation ratio in non-carbonate areas will increase the existing
VCD. This inference is supported by the large opposite relationship between the existing
VCD and the ratio of plantations. Despite the higher existing VCD of plantations, the
vegetation carbon sequestration potential of plantations is significantly lower than that of
natural vegetation, owing to the quick growth of plantations in the early stage. Therefore,
the higher proportion of plantations in non-carbonate areas will lead to a lower vegetation
carbon sequestration potential. The growth potential of VCD is positively correlated with
the proportion of natural vegetation (Table 1). The proportion of plantations is controlled
by the conscious selection of human activities that are strongly influenced by soil properties,
which are greatly determined by the bedrock type. Hence, the bedrock type significantly
impacts the existing VCD and vegetation carbon sequestration potential. Clearly, plantation
provides more carbon accumulation for vegetation but natural vegetation will become
the main contributor to vegetation carbon sequestration in the subsequent succession,
especially in karst areas. Thereby, the best way to sequestrate more vegetation carbon is
natural recovery through eco-engineering and rural out-migration, which can both generate
great carbon sinks [26,43].

However, karst ecosystems are complex so accurate estimation of vegetation carbon
in these systems is still difficult. Although we obtained the vegetation map of Puding
County by combining sample surveys with ArcGIS, there are many other types of land-
forms in karst areas [44]. Further investigations are needed to clarify whether our results
are applicable if we expand from the sample scale to the regional scale. Therefore, we
still need more empirical means combined with observation equipment to make a more
accurate estimation.

5. Conclusions

Through a number of sample surveys and a detailed vegetation map, we statisti-
cally calculated the existing vegetation carbon density and the carbon stock and carbon
sequestration potential in typical karst areas and analyzed the impacts of bedrock types
on vegetation carbon. The existing vegetation carbon density in non-carbonate rock areas
is higher than that in karst areas, especially in shrub forests, mature forests, and artificial
forests. However, the vegetation in karst areas has a higher potential to increase carbon
density compared with that in non-karst areas. The bedrock type can strongly impact the
accumulation rate and sequestration potential of vegetation carbon in the study region
directly by influencing the vegetation growth environment and indirectly by influencing
human activities. Plantations positively affect vegetation carbon accumulation in the early
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stage of vegetation restoration but natural vegetation has a greater carbon sequestration
potential in the later vegetation succession. Natural restoration is the best way to increase
carbon accumulation in karst ecosystems.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/su16219429/s1, File S1: Township level data of a part
of factors that may influence the carbon density; File S2: Attribute table of vegetation map; File S3:
Plots survey data.
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